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PREFACE. 


S1ncE 1888, when the first edition of Part I of this work was 
published, great changes have taken place in the science and 
art of the construction of simple bridges. To properly record 
these changes and to give the student the latest point of view, 
this volume has been rewritten and reset. The computation of 
stresses is no longer a mere academic exercise, but it is neces- 
sary that the student should have clearly in mind the actual 
truss itself and should understand the economic reasons which 
govern its arrangement and proportions, remembering always 
that his computations furnish but one of the steps which lead 
to the completed structure. To further this end, many histor- 
ical and critical notes have been introduced, with illustrations 
showing the best modern practice. The authors have also had 
in mind the needs of young bridge engineers, and have en- 
deavored to present the subject in a manner that will be 
advantageous to them and to the engineering profession. 

As in previous editions, the fundamental principles of stress 
computations are set forth in the first chapter on roofs, the 
simpler forms of roof trusses being better adapted to the illus- 
tration of these principles than are bridge trusses with hori- 
zontal chords. The former classification for bridges has been 
abandoned and one involving loads has been introduced, so that 
the dead load stresses, the live load stresses, the stresses due 
to wind and other causes are treated in separate chapters for 
the common forms of simple trusses. Then the modern long- 
span bridges are treated in Chapter V, where also is given 
much historical information regarding all kinds of simple 


trusses and the topics of economic depth and limiting span 
iii 
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are discussed. More than half the matter in these chapters 
is entirely new, as is all of that given in Chapter VI, where 
portal and sway bracing, bridge members and floors, and plate 
girders are discussed. Chapter VII treats of deflections, and 
the demonstration that the economic depth of a truss is closely 
the one which gives greatest stiffness is believed to be new. 
Cranes, bents, towers, viaducts and other miscellaneous struc- 
tures are discussed in Chapter VIII. 

Grateful acknowledgments are due to C. C. SCHNEIDER, J. E. 
GREINER, H. R. Leonarp, H. W. Parkuurst, E. J. PEARSON, 
O.aF Horr, J. P. SNow, THEODORE VOORHEES, LincoLN Busu, 
H. H. Quimsy, A. J. Himes, WILLARD BeEanan, King Bridge 
Company and Penn Bridge Company for photographs; to Engi- 
neering News, Engineering Record and Railroad Gazette for 
permission to reprint illustrations; to J. C. BLanp and P. L. 
Wo tFet for permission to reproduce stress sheets; to WAD- 
DELL and Heprick and to E. S. SHaw for permission to use 
formulas for weights of bridges; to C. W. Hupson for the 
matter in Art. 61; to THEODORE Cooper for the table in Art. 
82; and to many other bridge and railroad: engineers who 
kindly furnished data for special problems and historical notes. 

Compared with the fifth edition, the number of chapters has 
been increased from six to eight and the number of pages 
from 191 to 326, while the number of cuts has been nearly 
doubled, and two folding plates and twenty-four full-page illus- 
trations have been added. The authors have endeavored to 
present the subject clearly and concisely, and in such a manner 
as to advance the interests of thorough uae ee education 
and to promote sound engineering practice. 
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STRESSES IN SIMPLE TRUSSES, 


CHAP LER] 
STRESSES IN ROOF TRUSSES. 


ART. I. DEFINITIONS AND DESCRIPTIONS. 


A simple beam may be used for a short foot bridge or for the 
rafter of a common roof, but when the span of a bridge or roof 
is long it becomes necessary to join several members together 
and form a truss. A truss is defined as a jointed structure 
which is arranged to carry loads in such a manner that each 
principal member is subject to stress only in the direction of its 


Fig.t@ Fig. 1 4, 


length, that is, to a tensile or a compressive stress. Fig. 12 
represents the simplest form of roof truss, the inclined members 
being in compression and the horizontal one in tension under 
the action of the load P at the peak. 


In order that a truss may perfectly conform to the above 
definition it is necessary that the loads should be supported 
only at the joints, for flexural stresses will result if they are 
placed at other points on the members. It is further important, 

I 
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in order to secure rigidity, that the elementary figures included 
between the truss members should be triangles, since a triangle 
cannot change its shape without altering the lengths of its 
-sides. A rectangular or polygonal figure, on the other hand, 
may change its shape without altering the lengths of its sides, 
and hence may be lacking in rigidity. For instance, the rec- 
tangle in the truss of Fig. 1¢ is not a good arrangement, for 
it could easily change its shape if the loads on one side should 
be removed. 

Members which are in compression are called ‘struts,’ 
‘columns,’ or ‘ posts,’ while those which are in tension are 
called ‘ties.’ In the above figures the upper members aC and 
Cb are in compression and are called the ‘upper chord,’ while 
the lower members aé are in tension and are called the ‘lower 
chord.” Members connecting the upper and lower chords are 
called ‘braces’ or ‘web members,’ and these may be in tension 
or compression depending upon the manner in which they are 
placed. The points where the members meet are called ‘joints’ 
or ‘apexes.’ At these joints there are pins, rivets, or other 
connections which are subject to shearing stresses, or to com- 
bined stresses of shear, compression and flexure. 


Fig. 10 differs from Fig.1a@ in having a vertical tie which 
is introduced to carry a load Q hanging from the ceiling of the 
room below the roof; this form is called the king-post truss. 
Fig. 1¢ represents a form sometimes used for longer spans 
where there are two vertical tension rods, and this is called the 
yueen-post truss. Figs.2@ and 26 show forms for still longer 
spans; in the former the vertical web members are in tension 
and in the latter they are in compression. 


A simple truss is one which is supported at its ends, and 
which under vertical loads brings only vertical pressures on 
the supports. All of the above figures represent simple trusses, 
but if the tie rod in Fig. 1a were omitted it could not be called 
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a simple truss, since the Sates would be inclined. When 
the dimensions of a truss are iven, as also the loads at the 
joints, the fundamental principles of statics may be applied to 
determine the stresses in the members. "In this chapter methods — 
will be derived from these principles for roof trusses, but these 
methods are equally applicable to bridge trusses. . For simple 
cases, like those of the following problems, the student should 
be able to immediately apply his knowledge of theoretical 
mechanics in the computation of stresses, bearing in mind that 
all the forces meeting at any joint must be in equilibrium. 

Prob. 1@. In the roof truss of Fig.1@ the span is 24 feet and the 


rise of the peak is 9 feet. Compute the stresses in the three members 
due to a load of 4600 pounds at the peak C. 

Prob. 14. In the roof truss of Fig.14 the span is 36 feet and the 
rise of the peak is 13 feet. Compute the stresses in the four members 
when P is 7000 and Q is 1200 pounds, 


ArT. 2. Loaps on Roor Trusses. 


The loads to be considered in designing a truss are of four 
kinds : the weight of the truss itself, the weight of roof covering, 
‘the snow, and the wind. The weight of the truss and roof- 
covering is called the ‘dead load.’ 

The weight of the truss depends upon the span, the distance 
apart of the adjacent trusses in the roof, the weight of the roof 
covering, and other elements of design. This weight can only 
be ascertained by the records of actual practice, but the fol- 
lowing empirical formulas, which have been derived from the 
discussion of such records, may be used to obtain approximate 
results. Let / be the span in feet, a the distance in feet between 
adjacent trusses, and W the approximate weight of one truss in 
eounds; then, 

For wooden trusses, W= 4al(1 + 1,7) 


For steel trusses, W= fallit yy’) 
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The wooden trusses are to have wrought-iron or steel tension 
members in the webbing in accordance with the usual practice, 
and it is seen that they are materially lighter than the steel 
trusses. For example, if 7= 100 feet and a= 12 feet, the for- 
mulas give about 6600 pounds for a wooden and about 9900 
pounds for a steel roof truss. 


The roof covering consists of the exterior ‘shingling’ of tin, 
slate, tiles, corrugated iron, or wooden shingles, resting usually 
upon timber ‘sheathing,’ which is supported by ‘purlins,’ or 
beams, which run horizontally between the trusses and are 
fastened to them at the upper joints. In large roofs the 
sheathing is laid upon ‘rafters’ which are parallel to the upper 
chord, the rafters resting upon the purlins. The actual weight 
of the roof covering, rafters, and purlins is to be determined 
only by computation for each particular case, but the following 
values will serve for preliminary designs. and approximate com- 
putations. The weights given are in all cases per square foot 
of roof surface. 


Shingling: tin, 1 pound; wooden shingles, 2 or 3 pounds; 
iron, I to 3 pounds; slates, 10 pounds; tiles, 12 to 25 
pounds. 

Sheathing: boards 1 inch thick, 3 to 5 pounds. 

Rafters: 1.5 to 3 pounds. 

Purlins : wood, 1 to 3 pounds; iron, 2 to 4 pounds. 

Total roof covering: from 5 to 35 pounds, per square foot 
of roof surface. 


The snow load varies with the latitude, being about 30 pounds 
per horizontal square foot in northern New England, Canada, 
and Minnesota, about 20 pounds in the latitude of New York 
City and Chicago, about 10 pounds in the latitude of Baltimore 
and Cincinnati, and rapidly diminishes southward. On roofs 
having an inclination to the horizontal of 60 degrees or more 
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this load may be neglected, as it might be expected that the 
snow would slide off. 


The wind load is variable in direction and intensity, and often 
injurious’in its effects. As it is very customary, however, to 
design small roofs without considering the wind, the subject will 
be deferred until Art. 9. 


For the purpose of securing uniformity in the solution of the 
examples and problems given in this book, the following average 
values will be used, unless otherwise specified : 


‘Truss weight: compute from above empirical formulas. 
Roof covering: 12 pounds per square foot of roof surface. 
Snow load: 15 pounds per square foot of horizontal area. 


The following figures show two forms of triangular trusses 
which are widely used.. Fig. 2a@ is generally built in wood, with 
the exception of the vertical members which are wrought-iron 


Fig. 22, Fig. 2 4. 


or steel, but it is sometimes made entirely of metal. Fig. 20 is 
generally built of steel. In the first the verticals are ties and 
the diagonals are struts, while in the second the verticals are 
struts and the diagonals are ties. 


Fig. 2c shows a cross-section and part of a side view of the 
framework of a mill building. In the cross-section a roof truss 
of 45 feet span is seen over the main shop; and the side view 
shows two of these trusses with the horizontal purlins connect- 
ing them. Diagonal rods are also used between the upper 
chords of the roof trusses in order to hold them in position and 
to stiffen them against wind action. 
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Fig. 2¢. 


Prob. 2a. How are the cranes supported in the building of Fig. 2¢? 
What is the rise of the roof truss and the distance apart ot the 
trusses ? ; 


Prob. 24. A steel roof truss has its span 80 feet, its rise 30 feet, and 
the.distance between centers of trusses is 13 feet 6 inches. Find the 
approximate weight of the truss, of the roof covering, and of the snow 
load. 


ArT. 3. APEX LOADS AND REACTIONS. 


The weight of the snow and of the roof covering is brought, 
as has been shown, by the purlins to the joints or ‘apexes’ of 
the upper chords of the roof truss. The weight of the truss 
itse!f is also generally regarded as concentrated at the same 
joints, because the weights of the upper chord and of one-half 
of the webbings are transferred there, and these constitute the 
greater part of the truss weight. At each apex of the rafter 
there is therefore a load, called an ‘apex load,’ and these loads 
produce stresses in the truss. The loads together with the 
reactions of the supports constitute, in fact, a system of forces 
held in equilibrium by the stresses in the members of the 
truss 
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Having found the weight of the truss and roof covering, the 

sum of these is the total dead load, and thé apex dead loads are 
easily determined by 
dividing the total load 
by the number of di- 
visions in the upper 
chords, if these be of 
equallength. These 
divisions aD, DC, 
etc., are called ‘ pan- 
els.’ Thus in Fig. a 
3 a, the apex loads at a Se : 
Cand D are each one-fourth of the total load. At the supports 
the apex loads are one-half of those at C and D. When the 
panels are of equal length, the apex loads are equal and each is 
called the ‘ panel load.’ 

If the panels be of unequal length the load at any apex is 
found by considering that the weights there’ brought by the pur- 
lins are those upon a rectangle extending in each direction half: 
‘way to the adjacent apexes, as illustrated in Fig. 3 a. 


The reactions of the supports are equal, each being one-half 
of the total load, provided the two halves of the truss are sym- 
metrical. For unsymmetrical roof trusses the reactions are 
found in the same manner as for concentrated loads on a beam. 


For example, take the case of the wooden roof truss shown in 
Fig. 3 2, the span being 60 feet, rise of peak 30 feet, rise at hip 
20 feet, horizontal distance from hip to peak 
20 feet, and distance apart of trusses 12 féet. 
Here the weight of the truss is found, by the 
first formula of Art. 2, to be 2520 pounds. 
The lengths of dD and DC are equal, each 
being 22.36 feet, and the weight of the 
roof covering on each is 12 x 12 x 22.36= 3220 pounds. On 


Fig. 3 4. 
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AD there is no snow as its inclination is greater than 60 degrees; 
on DC the snow load is 15 x 12 X 20= 3600 pounds. The apex 
loads now are, in pounds 


Dean. Snow. 
At C, 3850 3600 
At D, 3850 1800 
At 4, 1925 oO 


The total dead load for this roof is hence 1§ 400 pounds and 
the total snow load is 7200 pounds. The reaction due to dead 
load is 7700 pounds and that due to snow is 3600 pounds. 

Prob. 3. A steel truss, like Fig. 3 a, has its span 60 feet, rise of peak 


12 feet, rise of lower chord 3 feet, distance apart of trusses 13.75 feet. 
Compute the apex dead loads, apex snow loads, and the reactions. 


ArT. 4. ExTERNAL ForcES AND INTERNAL STRESSES. 


The loads upon a truss and the reactions of its supports are - 
external forces which are held in equilibrium by the internal 
stresses in the various members. If any section mz be imagined 
to be drawn cutting the truss into two parts and if forces S,, 
S,, S3 be applied to the members that are cut, the equilibrium 


will be undisturbed if these forces are equal in intensity and 
direction to the stresses in those members. In Fig. 4 the external _ 
forces k,, Py, P;, Py on the left of the section, and the internal 
stresses S,, S,, Sz are hence a system in static equilibrium; the 
same is true for the forces on the right of the section and the 
same stresses. Therefore, the important principle 


Arr. 4. EXTERNAL FORCES AND. INTERNAL STRESSES fe] 


The internal stresses in any section hold in equilibrium 
the external forces on either side of the section 


The fundamental conditions of equilibrium for forces in one 
plane are three in number, and are as follows: 


Algebraic sum of horizontal components = 0 
Algebraic sum of vertical components =o 


Algebraic sum of moments _=0 


and from these conditions the stresses in the members cut by 
the section may be derived if their number be not greater than 
three. For example, in Fig. 4 let S; be horizontal, and By 
and 8, be the angles made by S, and S, with the vertical. 
Then from the first condition, 


S;sin8, + S,sinB, + S;=0 
and from the second, using the forces on the left, 


For the third condition a center of moments is to be selected ; 
this may be taken at any point. If it be taken at the apex P,, 
the moments of P3, S; and S, are zero, and the equation for 
forces on the left of the section is 


(R — Py)r— P,P, — Popy — Sy5q=0 
where 7, £1, f2 and s, denote the lever arms of R, P;, P, and Sy. 


It is best to regard the unknown stresses as tensile and to 
represent them by arrows pointing away from the section, as in 
Fig. 4. Then state the equations and find the numerical values 
of the stresses; if these values are positive the supposition as to 
direction is, correct and the forces are tensile, but if negative the 
direction should be reversed, or the forces are compressive. It 
is immaterial whether the forces on the left of the section, or 
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those on the right, be considered in stating the equations, but 
it is generally customary to use those on the left. 

Prob. 4 2. In Fig.1 a the load Pis 12 000 pounds, the span is 27 feet 
and the rise is ro feet. Find the stresses in @C and a4, using the first 
and second conditions only. Find the stress in a4, using the third 
condition only. ‘ 


/ Prob. 44. A steel truss, like Fig. 3 a, has the span of 60 feet, rise of 
peak 12 feet, rise of tie rod 3 feet, distance between trusses 13.75 feet, 
and mean loads as specified in Art. 2. Find the stress in the horizontal 
part of the lower chord due to the dead load. 


Art. §. THE MetHop oF MomeENTs. 


The principle of moments is merely the third condition of 
static equilibrium, that the algebraic sum of the moments of all 
forces acting in one plane upon a body is zero, wherever the 
center of moments be taken. By the successive application of 
this principle, using different centers of moments, the three un- 
known stresses may be found without the necessity of using the 
first and second conditions of equilibrium. Thus for Fig. 4, an 
equation of moments containing only S3 was written in the last 
article. An equation containing only S, may in like manner be 
written by taking the center of moments at the point of support, 
for then the moments of S, and S, are zero. And in general 
the stress in any member may be found by the method of 
moments as follows: 


Draw a section cutting three members. To find the stress 
in one of these members, take the center of moments at 
the intersection of the other two members. Suppose the 
unknown stress to be tensile or acting away from the sec- 
tion. Then state and solve the equation of moments for 
the stress and the applied forces on the left of the section. 


If the section drawn should cut but two members, the center of 
moments for finding the stress in one of them may be taken at 
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any point upon the other. If it should cut more than three 
members, the stresses cannot be determined by this method. 


In writing the equation of moments a moment is regarded as 
positive when the force tends to cause rotation around the 
center of moments in the direction of the hands of a clock, and 
as negative when the tendency is in the opposite direction. 
This convention may be reversed, if it be thought more con- 
venient, when the forces on the right of the section are con- 
sidered, but the unknown stresses should always be taken as 
acting away from the section. 


For example, take the truss in Fig. 5, where the span is 36 
feet, rise 14 feet, and apex loads as shown, the member 5 being 
normal to the main rafter or upper chord at its middle point. 
To find the stress S, in the 
member 2, draw a plane cutting 
the members 2, 6 and 4, let 
the direction of S, be away 
from the section, and take the 
center of moments at the peak. oat 
Then ‘ Fig. 5. 


(8000 — 2000) 18 — 4000 X9— S, X 14 =0 


from which S,=-+ 5140 pounds, that is, tension. Similarly to 
find S,, take the center of moments at the apex above it, then 
the lever arm of S, is 7 feet, and 


(8000 — 2000) 9— S,; X 7=0, whence S;=-+ 7710 pounds 


For S, draw a section cutting 4, 5 and 1, take the center of 
moments at a, and find the lever arms for this center, then 


(8000 — 2000) 14.44 — 4000 X 5.44 + S, x 8.87 =0 


from which S,=— 7315 pounds, that is, compression. For Sy 
the center is also at a, and S, is found to be —9770 pounds. 
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For the stress S, the section cuts 1, 5 and 4, the center of 
moments is at the support, and 


4000 x 9+ S; x 11.4=0, whence S;=— 3160 pounds 


For S, the section cuts 2, 6 and 4, the center is at the support, 
the lever arm is 14.0 feet, and 


4000 Xx 9— S, X 14.0=0, whence S,= + 2570 


The stresses in the right-hand part of the truss are the same 
as those just found for the left-hand part, since the two parts 
are symmetrical in respect to dimensions and loads. 


The method of moments serves to determine the stresses in’ 
all the members of any truss, provided a section can be drawn 
cutting less than four members. The only difficulty in the 
application of this lies in the determination of the lever arms 
of the stresses and the applied forces. These can always be 
found from the given data by the use of geometry and trigo- 
nometry, but the computation is sometimes laborious. The prin- 
ciple of similar triangles will in general be found useful and 
fruitful for this purpose. General rules need not, and indeed 
cannot, be given, applicable to all forms of trusses, but it will 
be found advisable to check the values obtained by making a 
drawing of the truss and measuring the lever arms by scale. 
The lever arms may, in fact, be found by this method with 
sufficient precision without the necessity of computation, if the 
drawing be carefully made to a proper scale. On account of 
the difficulty of computing the lever arms it is often customary 
to find some of the stresses by the method of moments, and to use 
the first and second conditions of equilibrium for the determina: 
tion of the others. This will be exemplified in the next article. 

Prob. 5. A roof truss like Fig. 5 has a span of 48 feet and a rise of 
21 feet, the apex loads at the supports being 3000 pounds and those 


at the other joints being 5000 pounds. Compute the stresses in all 
members by the method of moments. 
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ArT. 6. METHOD oF RESOLUTION OF FORCES. 


The principle of this method is embraced in the first and 
second conditions of static equilibrium as stated in Art. 4. 
Thus, in Fig. 6a let a section be passed cutting three members 
in which the unknown stresses are S,, S3, S,, and let 8, Bs, B, 
be the angles which these make with the vertical; then the two 
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conditions give the two equations 
S, sinB; + S,sin8, + < sinB, = 0 
R— P,— P, + S,cos8, + S;cos8; — S, cos8, = 0 


Also if a section be drawn cutting the members S,, S, and S, 
as in Fig. 6, the two equations are 


S;sin8, + S,sin8, — S,sinB, = 0 
S, cos8, — P; — S,cosf, — S, cos8, = 0 


Now, if in either of these cases one of the stresses be first 
found by the method of moments, the two remaining stresses 
may be found by the solution of the two equations. 


In writing an equation for the first condition, forces and com- 
ponents acting toward the right are regarded as positive and 
those acting toward the left as negative. In using the second 
condition upward forces and components are regarded as posi- 
tive and downward ones as negative. The unknown stresses 
should be taken as acting away from the section, and if their 
values are found to be positive they will be tensile, but if nega- 
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tive they will be compressive. It is best to take the angle which 
a member makes with the vertical as acute so that both its sine 
and cosine are positive. 


By the successive application of this method, beginning with 
the two members which meet at the support, it is possible to 
compute all the stresses in a 
roof truss without using the 
principle of moments. For ex- 
ample, take the truss in Fig. 6c, 
which is the same as discussed 
in Art. 5, where the span is 36 
feet and the rise 14 feet. From 
the given data, the values of the sines and cosines are, 


sin8, = sin8, =1 cosf, = cosB, = 0 
sin8, = sin8,=0.790 cosB, = cosh, = 0.614 
sinB, = 0.614 cosB, = 0.790 

sinB, = 0.247 cosB, = 0.969 


Now, cutting the members 1 and 3, the two equations are, 
S;+53;x0.79=0 and 6000+ S,x0.614=0 


from which S;= —9770 and S,= +7720 pounds. Next cut- 
ting I, 4 and 5, the two equations are 


S,+ S; x 0.614 + S, x 0.790 =0 
6000 — 4000 — S; x 0.790 + S, X 0.614 =0 


Inserting the value of S, in this and solving, it-is found that 
S,= — 7315 and S;= — 3160 pounds, as before. To find S, 
and S, a section may cut 2, 6 and 4, or one may be drawn cut- 
ting 2, 6,5 and I. 
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The words ‘ horizontal’ and ‘vertical’ used in stating the first 
and second conditions of equilibrium have thus far been used in 
their literal sense, but really, as shown in Analytical Mechanics, 
any two rectangular directions may be used instead, the general 
principle being that ‘the sum of all the components must be 
zero for any given direction’ in order to insure equilibrium. 
The ‘horizontal’ may hence be taken as any direction, the 
‘vertical’ being at right angles to it. By choosing properly the 
direction in which to resolve the forces the determination of 
stresses may often be simplified. Thus, to find S, for the above 
case, draw a section cutting 3, 4 and 5, and resolve the forces 
into a direction parallel with S,. Taking « as the acute angle 
between the load and the member 4, the equation is 4000 sine + 
S;= 0, whence S, = — 3160 pounds. 


The remarks made in Art. 5 regarding lever arms apply also 
to the determination of the sines and cosines necessary for the 
method of resolution of forces. In finding these it will rarely 
be advantageous to use tables, but it will be best to compute 
them directly by the geometric relations of the figure, and to 
check the results, if thought necessary, by a skeleton diagram 
of the truss drawn to scale. Three figures in the sine and 
cosine are sufficient, or four for very important cases, so that 
the stresses may be computed to the third significant figure. 
For example, to find sin@, for Fig. 6¢, . 


Sia RMS, 
Vor+ 72 11.402 
which is accurate to four places, while 0.790 is accurate to three 
places. When the sines and cosines are used with only three 
significant figures the final stresses are liable to an error in the 
third significant figure and hence no more should be stated. 
Thus if a stress is computed to be 28 435 pounds, it should be 
given as 28400 pounds. 


= 0.7895 + 


sinB, = 
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Prob. 6 a. Find the sines and cosines for the members 4D and DC 
of the roof truss of Fig. 3 4, using the dimensions given in Art. 3, and 
taking the rise of the lower chord as 12 feet. 


Prob. 6 4. Compute, by the method of resolution of forces, the stresses 
for the members 4D and DC of the roof truss of Fig. 3 4, using the 
dimensions and apex dead loads given in Art. 3. 


ArT. 7. STRESSES DUE TO Deap Loap 


The dead load upon a roof truss includes the weight of the 
truss itself, of the purlins and of the roof covering. The apex 
dead loads are computed by the method of Art. 3, and the 
stresses due to these may be found either by moments or by 
resolution of forces. An apex load at a support, being directly 
borne by the support, does not stress the truss, and hence it 
may be subtracted from the total reaction, and the remainder 
will be the effective reaction due to the other loads. Thus in 
Fig. 7a, the same effect is produced upon the beam or truss by 
the second system of forces as by the first. 


0. 
3000 ore 3000 


6000 


Fig. 7 a. Fig. 7 6. 


As an example of the computation of stresses due to dead 
load, the truss of Fig. 74 will be discussed. The span is 
60 feet, rise 12 feet, lower chord horizontal, each inclined upper 
chord divided into three panels, and the web struts normal to 
the upper chords. The material is steel and the distance be- 
tween trusses is 13.75 feet. From the formula of Art. 2 -the 
weight of the trusses is found to be 4330 pounds. The roof 
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covering weighs 12 pounds per square foot of roof surface. 
Hence each apex dead load is 


4 x 4330+ 12 x 13.75 V42+10¢= 2500 pounds 
and each effective reaction is 6250 pounds. 


The stresses in the lower chords are best found by moments, 
the lever arms being 4, 8 and 12 feet to the centers in the 
upper chords. The stresses in the web struts are also best 
_ found by moments, taking the center at the left support. For 
the upper chords and diagonals the method of resolution of 
forces may be used. The following are the equations for a few 
of the members. For the second panel of the lower chord, 


6250 X 20— 2500 x I0O-~ Sx 8=0 
whence S=+12500 pounds. For the second web strut, 
+ 2500 X 10+ 2500 x 20+ S X 21.54=0 


whence S = — 3482 pounds. For the first diagonal, the cosine 
of the angle between it and the second web strut is 0.371 and 
the cosine of the angle which the panel load makes with that 
strut is 0.9028; then 


3482 — 2500 X 0.9028 — S Xx 0.371 =0 


whence S= +3130 pounds. In this manner all the stresses are 
_ Xeadily computed and they are given on the truss diagram in 
Fig. 74, the sign + denoting tension and the sign — denoting 
compression. 

Prob. 7 a. Compute the stresses due to dead load for all the members 
of the roof truss of Fig. 3 a, using the dimensions and apex loads found 
by the sclution of Prob. 3. 

Prob. 74. In Fig. 1¢ let each panel of the lower chord be 10 feet, 
the rise be 10 feet, the panel loads Pand FJ be each 4200 pounds, and 
the loads Q and Q, be each 800 pounds. Compute the stresses in 
all the members. 
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ArT. 8. STRESSES DUE TO SNOW LOAD. 


While the dead load is estimated per square foot of inclined 
roof surface, the snow load is taken per square foot of hori. 
zontal area, since no more snow can fall upon an inclined 
surface than upon its horizontal projection. Now if the upper 
chords of the truss are straight from support to peak, as in Fig. 
7 &, the area of roof surface for any panel bears a constant ratio 
to its horizontal projection. Consequently the snow apex loads 
are all equal and the stresses due to the snow are to the dead 
load stresses in the same ratio as the corresponding apex loads. 
Thus, for Fig. 7 4, the dead apex load was 2500 pounds, and 
the snow apex load is 15 x 13.75 X 10 = 2060 pounds, and the 
ratio of the latter to the former is 228 or 0.824. Therefore, the 
snow load stresses for the truss of Fig. 7 6 are found by multi- 
plying the dead load stresses by 0.824, those for the lower 
chords being + 12880, + 10300, + 7730, those for the upper 
chords — 13 870, —13 130, —9g940, and those for the web . 
members — 1910, + 2580, — 2870, + 3060 pounds. 


If the upper chords are not straight from supports to peak 
the snow apex loads will not bear a constant ratio to the dead 
apex loads, and the snow load 
stresses must be independently 
determined. For instance, in the 

SARI ae ae 
[3600 Figs 3600 


crescent truss shown in Fig. 8, 
the snow apex loads are, for 
trusses 12 Teetcapart,,r5.<.1ols 
12 = 2880 pounds at the peak, 
and 15 X12 X12=2160 pounds at the hip. The stresses due to 
these snow loads may now be computed either by the method of 
moments or by tne method of resolution of forces. 


Prob. 8 a2. Compute the stresses due to snow load for 2 the mem- 
bers of the truss of Probs. 3 and 7 a, 
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Prob. 8. Compute the’ stresses due ‘to snow load for the horizontal 
tie and for the web tie nearest the middle in Fig. 8. How would these 
stresses be affected if the horizontal tie were higher ? 


ArT. 9. Wunp Loaps. 


The pressure produced by the wind depends upon its velocity, 
being about 1 pound per square foot for a velocity of 15 miles 
per hour, about 5 pounds for 30 miles, about 18 pounds for 60. 
miles, and probably 50 pounds for a hurricane at 100 miles per 
hour. For roof and bridge computations the pressure is usu- 
ally taken at 40 pounds per square foot of vertical surface, the 
wind being supposed to move horizontally. Reference may be 
made to Engineering News, Feb. 14, March 14, April 11, 1895, 
for interesting discussions regarding wind pressure on engineer- 
ing constructions. 


Experiments indicate that the resultant effect of a horizontal 
wind on an inclined surface may be represented by a normal 
force varying with the roof inclination. The following values, 
from Hutron’s experiments, give the normal pressure per square 
foot for a horizontal wind pressure of 40 pounds per square foot 
for different inclinations of the roof surface: 


Incuin. Nor. Press, Inciin. Nor. Press. Inciin. Nor. PREss, 
So 2, ik ae 22.6 45° 36.0 
10° 9.6 30° 26/522 50° 38.1 
15° 34.2 35° 30.1 55° 39-4 
20° 18.4 40° 24.3 60° 40.0 


For all inclinations greater than 60° the normal pressure per 
square foot is 40 pounds. For intermediate inclinations inter- 
polations may be made in the table; for example, if the inclina- 
tion of a roof surface be 13° the normal wind pressure upon it 
is 12.4 pounds per square foot. If the horizontal wind pressure 
should be assumed lower or higher than 40 pounds per square 
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foot the normal pressures may be decreased or increased in the 
same ratio. 


The wind apex loads are next to be found. For example, let 
Fig. 9 a represent a truss of the dimensions shown, the distance 
between trusses being 12 feet. 
The inclination of a2 is found to 
be 56° 19/, and that of BC 14° 02, 
and hence from the above table 
the normal wind pressures per 
square foot are 39.5 and 13.3 
pounds respectively. The total 


Fig.9 a | 


normal wind pressure on the part of the roof corresponding to 
aB is then 

39.5 X 12 X V64+ 144 = 6840 pounds 
one-half of which is applied at a@ and one-half at 4, as shown. 
In the same way, the wind upon SC brings at B and C twa 
normal apex loads, each of 1320 pounds. 


Roof trusses of short span, and particularly wooden trusses, 
have generally both ends firmly ‘fixed’ to the supporting walls. 
But iron or steel trusses, and usually all trusses of large span, 
have only one end fastened, while the other is ‘free’ or merely 
supported, so that it may move horizontally in the direction ot 
the plane of the truss. This construction is adopted in ordet 
that the truss may expand and contract under changes of tem- 
perature and thus the stresses due to this cause be avoided. 
[he stress in a steel member due to a change of temperature of 
t° Fahrenheit is about 200 pounds per square inch, so that a 
change of temperature of 50° will cause the stress to vary by 
%0000 pounds per square inch if the member is prevented from 
changing its length. 


There are three methods of arranging the supported end of 
the truss: Ist, it may rest upon a smooth iron plate upon whick 
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it slides; 2d, it may be arranged with a rocker as in Fig. 9 6; 
or 3d, it may rest 
upon rollers as 
in Fig.gc. The 
last method is the 
one most gener- 
ally employed. 
The first method 
an =the: case of 
heavy roofs is objectionable on account of the large frictional 
resistance to sliding. 


Prob. 9. Compute the wind apex loads for the roof truss of Fig. 3 a, 
the span being 60 feet, rise of peak 12 feet, and distance between trusses 
13.75 feet. 


ART. 10. REACTIONS DUE TO WIND LOADSs. 


The reactions caused by the wind are inclined, the horizontal 
components of which tend to push over the walls of the build- 
ing. It will be necessary to distinguish two cases, the first when 
both ends of the truss are fixed, and the second when one end 
is free to move. 

Let Fig. 10a represent a truss with both ends fixed, its span 
being 40 feet, its rise 15 feet, and the wind apex loads 1800, 
3600, and 1800 pounds, as shown. The reactions A, and A, are 
parallel to the wind loads. Let @ be the angle made by the 
upper chord with the horizontal; then cos@=0.800 and sin@ 
=0.600. To find R, the center of moments is taken at the left 
support and the equation of moments is an 

— R, x 40 cos6 + 1800 x 20 secO +. 3600 x 10 sec# =O 
from which the value of FR, is 2812 pounds. In the same way, 
by taking the center of moments at the right support, the value 
of R, is 4388 pounds. The sum of A, and A, is equal to the 
total wind load, 7200 pounds. 
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When one end of the truss is free and the wind blows on the 
fixed side, as in Fig. 10d, the reaction R, at the free end must 
be vertical. The reaction at the fixed end is inclined and it will 


\2, Fig. 10a. R\ 


be best to resolve it into a vertical component R, and a horizon- ; 
tal component #. To find #, the condition that the algebraic 
sum of the horizontal components of all the forces acting on the 
truss must be zero is 


(1800 + 3600 + 1800) sind —- H=0, whence H = 4320 pounds 


To find R, take the center of moments at the left support, then 
the equation of moments gives 


— R, x 40+ 3600 x 12.5 + 1800 x 25 =0, whence R, = 2250 pounds 


The value of R, may also be found by regarding the total wind 
Joad, 7200 pounds, as concentrated at the middle of the rafter 
and replacing it by its vertical and horizontal components, 5760 
and 4320 respectively; then 


—R, x 40+ 5760 x 10+.4320x 7.5=0, whence R,=2250 pounds 
To find A, the center of moments is at the right support, and 
R, X40—5760 x 30 + 4320 X 7.5=0, whence R= 3510 pounds 


As a check R, +R, is found to equal the sum of the vertical 
components of the wind load, 5760 pounds. 


When one end of the truss is free and the wind blows on the 
free side, as in Fig. 10c, the reaction of the fixed end may be 
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also represented by its vertical and horizontal components, while 
at the free end the reaction is vertical only. By the use of the 
fundamental conditions of equilibrium, it is found in the same 
manner as above, that 


£7 = 4320, R, = 2250, and Ry = 3510 pounds. 


This shows that the values of R, and #, interchange when the 
wind changes from one side of the roof to the other, and that 
fT reverses its direction. 


Fig. 10¢. 


For a truss with broken upper chord, like Fig. tod, the same 
general principles apply. If P, and P, be the normal wind 
loads on the two bays and @, and @, the angles which they 
make with the vertical, the horizontal reaction is found by 
writing the equation for the sum of all the horizontal forces, wr 


- P, sin6, + P, sind, -H=0 
For the vertical reactions, the moment equations are, 
R,xba-—P,xtbe—P,x bf=o0 
—R,xab+P,xac+P,xad=0 
As a check the sum 2, + R, must equal P, cos#,+ P, cosA,, 


Prob. 10. Compute the reactions due to the wind loads for the 
roof truss of Prob. 3; first when the wind blows on the fixed side, and 
second when it blows on the free side. 
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ART. II. WIND ON TRUSSES WITH FIXED ENDS. 


The stresses caused by the wind may now be computed by 
the methods of Arts. 5 and 6. As the wind load is unsymmet- 
rical to the truss, the stresses in the corresponding members on 
the right side are different from those on the left side, and hence 

2000 the stresses must be found 
throughout the entire truss. 

As: an example, take the 
truss in “Fig. 11, “where= the 
span is 48 feet, rise- 18 eeu 
and. wind loads and reactions 


as shown, both ends being fixed. From the given rise and span 
the lengths of members 3 and 4 are found to be 15 feet; 18.75 
feet. for members 1 and 6, and 11.25 feet for member § ; also, 
cos6 =0.8 and sind=0.6. Then for the left hand part of the 
truss, 


2875 x15 —S;xX9=0 S, = +4790 

2875 x 30~— 4000 xX 15 — S, x 18=0 S,= +1460 
2875 X 15+ S, X 11.25=0 S3 = S,=— 3830 

— 4000 x 15 — S, X15 =0 Ss'= — 4000 

— 4000 X 15+ S, x 18=0 So = + 3333 


For the right hand part of the truss it will be most convenient 
to resolve the reaction 3125 into the horizontal and vertical 
components, 1875 and 2500 respectively, and in stating the 
equation for any piece, pass a cutting plane and consider the 
unknown stresses as in equilibrium with the forces on the right 
hand side of the section. Then, 


— 2500 X 12+ 1875 x9+ S') xQ9=0 S'; = + 1460 
— 2500 X 24+ 1875 X 18+ S’, x 18=0 S', = + 1460 
— 2500 x 18.75 — S’, x 11.25 =O S’,=— 4170 


S', =0, S',=0 S' =-— 4170 


’ 
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Prob. 11. For the truss of Fig. 1 @ let the span be 36 feet and the 
rise 12 feet, and let there be at C a single wind load of 2140 pounds. 
Compute the reactions due to this load, and the stresses in aC and ad. 


ArT. 12. WIND on TRUSSES WITH ONE Enp FREE. 


When one end of the roof truss is fixed and the other end free 
it is necessary to make two computations of stresses for each 
member, first, taking the wind on the fixed side of the roof, and 
secondly, taking it on the free side. 


For example, consider the truss of Fig. 124, which has the 
span of 60 feet, rise 12 feet, each inclined upper chord being 
divided into three equal parts with the web struts normal to it 
and the distance between trusses being 13 feet 9 inches. By 
Art. 9, the normal wind load per square foot of roof surface is 
19.9 pounds, which gives a total wind load of 8850 pounds, sub- 
divided into apex loads as shown. For wind on the fixed side, 


Pe Fig. 124. fo 


the reactions are found by Art.10. Finally by the methods of 
Art. 5 and Art. 6, the stresses due to these loads are computed 
and marked on the diagram. In this particular case the method 
of moments will be found most vonvenient for all members except 
the inclined ties, and it will be often best to state the equation 
including the applied forces on the right of the section rather 
than on the left. Thus, for the second panel of the lower chord 
the equation for forces on the left is 
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6834 X 20+ 3286 X 8— 1475 X 21.54—2950X 10.77—-SxX8=e 
while for the forces on the right, it is 
— 2383 X 40+ 1475 X10.77+ SX 8=0 
from each of which is found, S = + 9930 pounds. 


When the wind blows upon the free side of the roof the 
stresses are materially different, as shown by the comparison of 
the values in Fig. 12 a with those in Fig. 12. In the first case 


ZZ 
ee Fig 128 


the tendency of the wind is to flatten the roof, in the second 
to double it up. Both sets of stresses are necessary in order 
to design a roof so that it may have the, proper degree of 
stability under the action of wind. 


oa 


Prob. 12. Compute the stresses due to wind in all the members of the 
roof truss of Probs. 3 and g; first, when the wind is on the fixed side, 
and secondly, when it is on the free side. 


ArT. 13. Maximum AND Minimum. STRESSES. 


The stresses caused by the dead load always exist, and these 
are increased by those due to snow, and usually increased by 
those due to wind. In order to design a member for the range 
‘of stress (Mechanics of Materials, Art. 92) it is necessary to find 
‘tthe maximum and minimum stresses due to a combination of the 
dead load with the other loads. The word ‘maximum’ will here 
be used as meaning the greatest tensile or greatest compressive 
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stress that can come on the member. ‘T he minimum stress is 
usually that due to dead load, but in some forms of trusses it 
may be less for certain members. 


Let the data for the truss in Fig. 13 be as follows: span 
60 feet, rise of peak =12 feet, lower chord horizontal, each 
inclined upper chord divided into three equal parts, struts nor- 
mal to upper chord, distance apart of trusses 13.75 feet, one end 
of truss on rollers, roof covering 12 pounds per square foot, snow 


Fig. 13. 


load 15 pounds per square foot of horizontal projection, wind 
load 40 pounds per square foot of vertical projection. The 
stresses due to dead load have been computed in Art. 7, those 
due to snow in Art. 8, and those due to wind in Art. 12. These 
are tabulated below in units of one thousand pounds and the 
maximum stresses are then determined by addition, remember- 
ing that the wind can blow only upon one side of the roof at the 
same time. Since all the stresses in any column have the same 
sign, the minimum stress is that due to dead load. 


STRESSES FOR LOWER CHORD MEMBERS, 


DvuE To 


Dead load 
Snow load 


Wind on fixed side 
Wind on free side 


Maximum stress 
Minimum 
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STRESSES FOR UPPER CHORD MEMBERS. 


Due To Ss Sta Se ‘Sie Ss S 
Dead load —16.8 | —16.8 | —15.9 | —15.9 | —12.1 | —12.1 
Snow load SURO) I ain ehoy | adele IP aig —9.9 —9.9 
Wind on fixed side —12.0 —6.4 | —12.0 —6.4 —8.3 — 6.4 
Wind on free side —6.4 | —12.0 —6.4 | —12.0 —6.4 —8.3 
Maximum —42.7 | —42.7 | —41.0 | —41.0 | —30.3 | —30.3 
Minimum —16.8 | —16.8 | —15.9 | —15.9 | —12.1 | —12.1 


Duvet To Sq S", Se S's So wig Sig S 10 
Dead load —2.3 | —2.3 | +3.1 | +31 | —3.5 | —3.5 | 43-7] +3-7 
Snow load —1.9 |—-1.9 |+2.6 | +26 | —2.9| —2.9] +3.1] +3.1 
Wind on fixed side | —3.0 |- o + 4.0 fo) —4.4 fe) +4.7 fo} 

| Wind on free side fo) — 3.0 o> |+40 fo) — 4.4 fo) +4:7 

| Maximum —7-2 | —7-2 | +9.7 | +9.7 |—10.8 |—10.8 |+11.5 | 411.5 

; Minimum —2.3 | —2.3 | +31 | +31 | —3.5] —3.5| +3.7] + 3-7 

i 


For this truss the maximum stresses for corresponding mem. 
bers on the fixed and free sides are the same for upper chords 
and webbing, and differ but little for the lower chords, but a 
truss with curved upper chord and of large span may often 
have a great variation, or even reversal of stress, in some of the 
corresponding members. 


It is a common practice to compute and tabulate stresses ip 
thousands of pounds instead of in pounds, since closer values 
than hundreds of pounds are never required in designing. This 
unit is sometimes called a ‘kip’ for the sake of brevity ; thus 
14 800 pounds may be written 14.8 kips. It may be noted that 
some engineers, in finding the maximum stresses, do not con- 
sider both snow and wind as acting at the same time. This 
venders the maximum stresses less than by the method followed 
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above; thus the maximum for S, and S; would be +22.8 and 
— 5.3 kips. 

Prob. 13@. Find the maximum and minimum stresses for all the 
members of the roof truss of Prob. 3, the dead load stresses being given 


by the solution of Prob. 7, the snow load stresses by Prob. 8, and the 
wind load stresses by Prob. 12. 


Prob. 134. In a certain member of a crescent roof truss the dead 
‘oad stress is - 4270, the snow load stress is — 2630, the stress due to 
wind on the fixed side is —850, and the stress due to wind on the free 
side is + 4950 pounds. What are the maximum and minimum stresses? 


ArT. 14. SPEcIAL Loaps anD TRUSSES. 


Thus far the trusses discussed have been symmetrical with 
respect to the peak, but unsymmetrical trusses, like that of 
Fig 14a, are sometimes built. The computation of the stresses 
for such a case affords no difficulty, but it must be extended to 
include the members on both sides of the peak. For example, 


78000| 
78000 


Fig. 14 4. Fig. 146. 


let the span be 67.5 feet, the horizontal distance of the peak 
from the left support be 27 feet, the rise be 18 feet, and the 
dead panel loads be as shown. Then the left reaction is 9560 
pounds and the right reaction is 8840 pounds, and the stresses 
in the members are readily found either by moments. or by 
resolution of forces. 

Another case is that of the symmetrical truss in Fig. 14 4, 
where two loads are brought upon upper chord apex points from 
the weight of a tower. Here the reactions are 65000 and 
91 000 pounds, and the stresses caused by the given loads are 
easily found, and these are to be combined with those due to 
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the dead, snow, and wind loads in order to obtain the maximum 
and minimum stresses. Another common case is that of a load 
hung upon the lower chord at a joint; the stresses for this are 
to be also computed separately, and these are tabulated with the 
others in order to find the final maximum and minimum values. 
If the load upon the lower chord be movable it will be necessary 
to compute a set of stresses for it when it is placed at each joint. 


When the members of a truss are so arranged that it is impos. 
sible at certain places to pass a section cutting less than four 
pieces a difficulty or ambiguity may arise, since the three condi- 
tions of equilibrium can determine but three unknown quantities. 
In such cases a fourth condition is sometimes found in the sym- 
metry of the truss and loads. The common form known as the 
Fink roof truss furnishes an example of apparent ambiguity. 
Here the upper chord @Z£ is divided into four equal parts, and 
normal to it are drawn 
the struts Bf, Ce and 
Dh, while all the other 
members are ties. 
Now, for the member 
Ch, no section can 
be drawn cutting less 
than four pieces. But on reflection it is noted that one-half of 
the panel load at D is transferred to C through Cy%, and also 
that one-half of that at B is transferred to C through Cf. Hence 
the stresses in CZ and GF are equal, and as the stress for the 
latter can be found that for the former becomes known. 


The stress in CZ can also be determined in another way. 
First find the stress in g& by moments, then draw a section 
cutting CD, Ch, gh and gk, and state an equation taking the 
center of moments at the peak. This equation contains the 
Stresses in Ch and gk, but the latter is known, and hence 
the former is easily obtained. 
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Crescent trusses are those which have the apexes of the uprer 
chords lying on a curve, and simple forms of these are shown 
in Figs. 30 and 8. The computation of the stresses for these 
trusses is laborious on account of the difficulty of finding the 
lever arms of the members or the sines and cosines of the angles. 
In practice the stresses for such trusses are generally found by 
the methods of Graphic Statics to which subject Part II of this 
work is devoted. 

Prob. 14. In Fig.14¢ let the span be 100 feet, rise of peak 23 feet, 


rise of lower chord 2 feet, and let each apex load be 6260 pounds. 
Compute the stresses for the members Bf, Dh, Cf, Ch and gh. 


ART. 15. FLEXURAL STRESSES IN MEMBERS. 


The maximum and minimum stresses found by the methods 
of the preceding article are those upon a skeleton truss; that 
is upon members without weight. But the members themselves 
have weight, and sometimes loads are placed on the lower 
chord, or purlins are attached to the upper chord between the 
apex points. The effect of these loads Js to cause flexural 
stresses, increasing the longitudinal stress on one side of the 
member and decreasing it upon the other. These flexural 
stresses may be computed by the methods of Mechanics of 
Materials. 

The following example will indicate the method of investigat: 
ing the flexural effect caused by purlins. Let 4B be a portion 
of the upper chord between two apex points A and 8B; its 
length is 14 feet, size 4 x6 inches; 
at its middle point a purlin brings a s00| 16009 
load of 840 pounds and is fastened to 
the chord so as to prevent sidewise 
flexure. The chord is inclined 30° to A 
the horizontal and the compressive sis ar = 
stress upon it is 16000 pounds. It Fig. 15a 
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is required to find the greatest compressive unit-stress upon the 
upper fiber at the middle of the chord, due to the direct com- 
pression and the purlin load. 

For the direct compression RANKINE’s formula for a wooden 
cclumn fixed at its ends gives 


16 000 i tax = - 
8) = -— > | | + —— - ++—— _} = 2760 pounds per square inch 
1 6 ( aes 3 700 p per sq 


For the flexural stresses the vertical load may be decomposed 
into components parallel and normal to the rafter. The parallel 
component P is 420 pounds and the normal one Q is 727 
pounds. The effect of P is a direct compression, and the unit: 
stress due to it is 
Sa hae. 17 pounds per square inch 
4x6 

The effect of Q is a flexural stress, and regarding the rafter as 
a fixed beam, the formula for flexure gives 

2 MOET 27 XA 2 Xe 8 


= 1272 pounds per square inch 
i 4X4X6x6x6 72? Eee 


The total compressive unit-stress on the upper fiber hence is 
S = 2760+ 17+ 1272 = 4o49 pounds per square inch 


which is too great for a wooden member, since the factor of 
safety is only about 2.1. 

The effect of the flexure caused by the weight of the mem- 
bers themselves is usually not considered in designing, as it is 
generally small compared to the total stress. In the above case, 
taking the weight of the beam at 4o pounds per cubic foot, the 
direct compression due to the weight is 1 pound per square 
inch, and that due to the flexure 48 pounds per square inch. 


A simple purlin is investigated exactly like a beam, by the 
formulas for flexure, the flexural unit-stress being M/c//, where 
/ is the moment of inertia of the cross-section, ¢ the distance 
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from the neutral axis to the remotest fiber, and AZ the bending 
moment. Long purlins are sometimes ‘trussed,’ as in Fig. 15 3. 
The effect of this is to cause aé to be in compression, and adb 
in tension. It is indeed a small truss, the 


loads being applied at c, and is computed — 
by the methods of the preceding articles. d 

The load at ¢ should include the weight of < < g 
the purlin itself, of the roofing, and the d d 
snow and wind. If, in the second sketch, Fig. 15 4. 


ac=4 feet, cc=4 feet, and cd=2 feet, and each load at ¢ be 
2000 pounds, we find for the stress in the upper chord 4000 
pounds compression, and in ad also 4000 pounds tension, while 
cd has 2000 pounds compression, and ad has 4450 pounds ten- 
sion. The longest trussed purlins ever built have a span of 
734 feet. 

Prob. 15. A wooden upper chord, as in Fig. 15 a, has a direct cor: 
pres..on of 20 000 pounds, and is loaded by.a purlin at the middle with 
750 pounds. Its length is 16 feet, its size 4 x d inches, and its inclina- 
tion 45°. Find its depth so that the greatest fiber stress at the middle 
may be about 800 pounds per square inch. 


ART. 16. INVESTIGATION AND DEsIGN. 


To investigate the degree of security of an existing roof truss 
the following steps are necessary: 


(2) Measure all the pieces, and ascertain the quality of 
the materials. 

(4) -ompute all the cross-sections, and the weight of 
the structure. 

(c) Assume the proper snow and wind loads. 

(Z) Compute the maximum and minimum stresses in all 
the members. 

(e) Find the greatest unit-stresses for members and con- 
nections, and compare them with those allowable. 
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A careful consideration of these operations will show that 
the investigation of a roof truss is a complex problem requiring 
great skill, judgment, and experience, and that the computation 
of the stresses is the least difficult part. In the examination of 
the structure particular attention must be given to the joints 
and connections, since it often happens that these are weaker 
than the main members. In a wooden truss many joints have 
parts subject to shearing, which need careful investigation on 
account of the slight resistance of timber to this stress. In iron 
trusses the riveted joints must be tested for the bearing compres- 
sion as well as for shear and tension, while the pins are to be 
computed for bending as well as for shearing. In any impor- 
tant case of investigation it will be best to make drawings show- 
ing all details, since in this way the data as to dimensions are 
most clearly presented. 


In making a design for a proposed roof its span is generally 
given, and also certain limits regarding its height and style. 
The following are then the steps of procedure: 


(a) Design the roof covering and find its weight. 

(6) Make a skeleton outline of the proposed truss. 

(c) Assume the proper snow and wind loads. 

(2) Compute the maximum stresses in all members. 

(c) Assume proper working unit-stresses for the materials. 
(7) Design the sections and the connections. 

(g) Make drawings, compute weights, and estimate cost. 


It will be seen that the process of design is far more difficult 
than that of investigation. The computation of stresses is the 
least part of the problem, being merely a mathematical exercise, 
whose solution is easy when the data are known. But in the 
determination of the data and in the execution of the design, 
great ingenuity, judgment, and experience are required in order 
to produce a safe and economical structure. The roof is to be 
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built so that all parts of it possess the proper degrees of security, 
and so that its cost shall be the least possible. Often several 
designs must be investigated to secure this result. 


In Art. 13 the minimum stress in each member, as well as the 
maximum stress, is determined in order to ascertain the range of 
stress. It should be noted, However, that repeated stresses in 
roof truss members occur at wide intervals of time, and hence 
are not so injurious as in bridge trusses. In designing roof 
truss members the maximum stress alone is usually employed, 
the minimum stress being disregarded, or if regarded at all, a 
slightly lower working unit-stress is used for those members 
subject to great ranges. 


The formulas for the weights of trusses, stated in Art. 2, give 
only rough approximate values, and should never be used when 
the actual weights of trusses similar in style to the proposed 
design can be obtained. On the completion of a design the 
computed weight of the truss should be compared with the 
assumed weight, and if a difference as great as ten percent be 
found, it may be advisable to revise the stresses and sections of 
some of the members. A stress sheet similar to that of Plate I 
is usually prepared before detail drawings are made. 


Specifications as to roof covering, snow and wind loads, allow- 
able unit-stresses and details are usually given to the designer 
in advance, and these render his task easier and his responsi 
bility lighter. Such specifications are made a part of the con. 
tract between the buyer and the builder of the roof. Part III 
of this work gives information regarding specifications and 
contracts. , 

Prob. 16. A roof truss, like Fig. 2@, has 100 feet span and 20 feet 
rise. The upper and lower chords are timbers, the former 10 x ro inches, 
and the latter 6 X 10 inches, and the maximum stresses upon them are 
5200 and 4900 pounds. Investigate the degree of security of these 
members. 
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Art. 17. EvoLuTion oF Roor TRUSSES. 


The history of the roof truss undoubtedly begins with the 
introduction of a horizontal tie between the rafters of a roof in 
order to prevent the spreading of the walls under the outward 
thrust. Probably the next step was the insertion of a vertical 
tie at the peak in order to prevent the sagging of the horizcntal 
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Fig. 174. Fig. 17 4. Fig. 17¢. 


tie beam or to support a load hung from the ceiling. As the 
span became greater, two struts were inserted from the foot of 
the vertical tie to furnish intermediate support to the rafters, as 
in Fig.176. The extension of this principle to longer spans 

gave the truss shown in Fig. 17, where there are several panels 
of equal width. This form was constructed in timber prior to 
the nineteenth century, when wrought-iron rods were introduced 
for the vertical ties. It is often called the English truss and is 
still extensively built. 


During the nineteenth century the use of wrought iron con- 
tinually increased until about 1880, when steel began to replace 
it. The form shown in Fig. 24 was devised for a truss wholly 
in wrought iron by reversing the inclination of the diagonals of 
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Fig. 17a Fig. 17 ¢. Fig. 177. 


the English truss, thus changing the verticals into struts. This 
type has the advantage that the struts are shorter than the tens 
sion members, and it is still extensively used, especially in fac. 
tories where loads are to be suspended from the lower chords, 
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Another line of evolution due to the use of iron is seen in 
Figs. 17d and 17f, where the struts are normal to the upper 
chords and the diagonals are inclined in the same direction as 
those of Fig.24. Here also the length of the struts is made 
shorter than in the English truss; this type is known in Europe 
as the Belgian truss. The form of Fig. 17, where two inclined 
struts meet at the foot of a diagonal, is not an advantageous 
one, as the joints at both ends of the struts are more complex 
than in the other forms. 


As the length of span increased, the type shown in Fig. 17 
was introduced. In the form d each rafter and the members 
below it may be regarded as an inverted king-post truss (Fig. 1 4) 
and the form g may be regarded as derived from d by introducing 
secondary king-post trusses within the primary one. This type 
is known in Europe as the French truss, and in America as the 
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Fig. 172. Fig. 172. Fig. 177. 


Fink truss, the last name being due to the use of the same prin 
ciple in the bridge truss of ALBERT Finx. The largest roof 
‘russes of this type are in the car erecting shops of the Penn- 
sylvania Railroad at Altoona, Pa. the span being 132 feet. 
Other forms of trusses sometimes built in wrought iron or 
steel are those of Figs. 17/ and 172, the latter being preferable 
because all the struts are normal to the chords and are hence 
as short as possible. These forms are similar to d, e and g in 
that one upper chord, and the members below it form an inverted 
roof truss, so that the entire truss may be regarded as made up 
of two inclined ones meeting at the peak and connected by a 
horizontal tie rod. 
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In most of the forms shown above the lower chord may be 
raised in order to give headroom beneath it, as seen in Figs. 3 a 
and 14¢, but the stresses in both chords are thereby rendered 
greater. The upper chord may also be arranged with its joints 
lying on a curve instead of on two straight lines, thus forming 
the crescent truss, the simplest form of which is shown in 
Fig. 30. The crescent type has been widely used fer train- 
sheds, the largest being those of the Central Station at Bir 
mingham, England, with a span of 212 feet. The largest simple 
roof trusses in America are those of the trainshed of the 
Central Railroad of New Jersey at Jersey City, built in 1889, 
these having straight upper chords and curved lower chords, 
and the span being 1424 feet. 

For a span over 200 feet the simple roof truss cannot be 
economically used in competition with the three-hinged arch. 
This consists of two trusses, sometimes of the crescent type but 
usually with parallel chords, which meet at the peak in a hinge, 
while the other ends of the trusses have hinges at the points of 
support. The stresses in these structures are investigated in 
Part IV of this work. Three-hinged arches have been used for 
the roofs of many trainsheds and exposition buildings. The 
largest trainshed roof is that of the Pennsylvania Railroad at 
Broad Street Station, Philadelphia, built in 1894, which has a 
span of 300.7 feet and a rise of 108.5 feet. The largest roof ever 
built was that of the Manufactures Buildirg et the Columbian 
Ixposition of 1893 in Chicago, the span being 368 feet and the 
rise 206 feet. 

The development of the roof truss from the simple rafters of 
timber up to the three-hinged arches of steel has now been 
briefly traced. This development is an evolution in the sense 
that those forms have survived which are conducive to economy, 
while those have been discarded which were not economical. 
Purlins resting directly upon the upper chord produced flexura’ 
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stresses and hence were removed to the joints. Long struts 
were replaced by short ones in order to lessen stresses and save 
material. Timber gave way to wrought iron because the life of 
the truss became longer and the repairs upon it became less, and 
wrought iron was superseded by steel because of the smaller 
cost. The forms which are now built represent indeed the 
result of long experience in securing the proper degree of 
strength at the minimum cost. | 


Prob. 17 @. Ascertain the kind of roof trusses used for the machinery 
buildings of the International Expositions of 1876, 1889, 1893 and 
1904 ; and give a skeleton diagram of each with main dimensions. 


Prob. 17 6. The roof truss of Prob. 13 has the same span, rise and 
roof covering as that of the truss whose maximum and minimum stresses 
are given in Art. 13. Compare the final stresses for the two cases and 
endeavor to decide which truss would be the more economical if both 
were built of steel. 


“ 
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CHAP AER ait: 
BRIDGE TRUSSES UNDER DEAD LOADS. 


ART. 18. DEFINITIONS AND DESCRIPTIONS. 


The definitions of a truss and its component members given 
in Art.1 apply to bridge trusses as well as to roof trusses. 
Accordingly, a bridge truss consists of members so arranged 
that each one is subject only to stress in the direction of its 
length; the elementary figures should be triangles, aud the 
loads be applied only at the joints or panel points. The con- 
sideration of bridge trusses in this volume will be confined to 
simple trusses. 


A bridge truss is composed.of the ‘upper chord,’ the ‘lower 
chord,’ and the ‘ braces’ or ‘web members,’ whose functions are 
similar to the corresponding parts of roof trusses. In a simple 
truss the upper chord is always in compression and the lower 
chord in tension, like the top and bottom fibers of a simple 
beam; on the other hand, some of the web members or braces 
are in tension while the rest are in compression. 


Two parallel trusses usually support the bridge floor or road-" 
way, and these are held in position laterally by means of ‘lat- 
eral bracing,’ ‘portal bracing,’ and ‘sway bracing.’ The lateral 
bracing connects the corresponding chords of the trusses at 
their panel points, while the. portal and sway bracing connect 
the corresponding end posts and the intermediate posts respec- 
tively. Not infrequently three or more trusses may occur in a 
single span (see Fig. 29/). Except in rare instances only two 
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Fig. 18@. Baltimore and Ohio Railroad Bridge over the Patapsco River, at Uchester, Md. Built in 1903. 
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trusses are used in double-track railroad through bridges of 


modern design. 


Fig. 18 @ shows a double-track through railroad bridge giv- 
_ ing an excellent view of the manner in which the two trusses 
are connected and stiffened by the upper lateral system, and by 
the portal and sway bracing, as well as the connection of the 
track and floor system to the trusses. The photograph of this 
bridge was kindly furnished for reproduction in this text-book 
by J. E. Greiner, Engineer of Bridges and Buildings of the 
Baltimore and Ohio Railroad Company. 


In a ‘deck bridge’ the floor is attached to the panel points of 
the upper chord, while in a ‘through bridge’ the floor is sup- 
ported at the lower chord. When a through bridge is so low 
that lateral bracing cannot be used between the upper chords, 
the trusses are called ‘ pony trusses,’ while the bridge is often 
designated as a ‘half-through bridge’ (see Fig. 184). There 
are a few cases where a bridge has two floors, the upper carry- 
ing the railroad and the lower one the highway traffic; this is 
termed a ‘double-deck bridge.’ 


The floor of a highway bridge consists generally of ‘floor 
beams’ which run at right angles to the trusses and are con- 
nected to them at the panel points; ‘stringers’ which are 
supported by the floor beams and are parallel to the trusses; _ 
and the pianks which rest upon the stringers and support the 
load. In cities the stringers frequently carry solid metal 
plates or heavy planks upon which is placed one of the various 
kinds of street pavement. In another type of floor the pave- 
ment is supported by slabs of reinforced concrete which rest 
directly upon the floor beams. The roadway is that part of the 
floor between the trusses, while the sidewalks, if any, are usually 
placed outside of the trusses. Figs. 18 6 and 18 show the rela: 
tion of the paved roadway and sidewalks to the trusses. 
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In the open floor of a railroad bridge each track, with its rails, 
guard rails, and cross ties, rests upon two stringers which are 
connected to the floor beams. Occasionally four stringers are 
used under each track when their depth is limited. Since 1890, 
the ‘solid floor’ has been introduced to some extent, in which 
the track, either with or without ballast, is supported by a con- 
tinuous floor of steel. 


om 


Fig. 184. Linn Street Bridge over Fall Creek, Ithaca, N.Y. Built in 1903. 


Prob. 18@. Examine the drawings of the Newport and Cincinnati 
bridge in Engineering Record, Vol. 37, page 448, April 23, 1898, and 
obserye the number of trusses, the location of the railroad and street 
railway tracks and of the roadway and footwalk. 


Prob. 184. Refer to the cross-sections of the double-deck bridge 
of the Pennsylvania Lines over the Allegheny river at Pittsburgh, in 
Engineering News, Vol. 48, page 417, Nov. 20, 1902, and notice the 
number of trusses, the traffic accommodated on each floor, the special 
arrangement of the sway bracing and of the position of the upper floor 
in the short spans of the bridge. 
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Built in 1902. 


Highway Bridge over French Creek at Franklin, Pa. 


Fig. 18. 
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ArT. 19. Kinps oF Trusses. 


For the very shortest spans rolled beams or wooden joists are 
used to support the floor, while for somewhat larger spans plate 
girders are employed. A plate girder may be described as a 
built-up I-beam composed of plates and angles united by rivets. 
For still larger spans, trusses are required, the shorter trusses 
being riveted and the longer ones pin-connected. 


A comparison of numerous specificatiens for railroad bridges 
gives the following general limits of span for which beams, 
girders and trusses are respectively recommended: Rolled 
beams, up to 30 feet; plate girders, from 20 to 100 feet; riveted 
trusses, from 80 to 160 feet ; and pin-connected trusses, over 120 
feet. It will be noticed that 
these limits overlap one another, 
and for such spans local con- 
ditions, or considerations of 
economy, or both, may deter- 
mine which kind shall be 
<zdopted. The corresponding 
limits for highway bridges are . 
somewhat lower according to the prevailing practice. 


The skeleton diagrams in Fig. 19@ represent respectively 
the through and deck forms of the Pratt truss. A view of a 
through Pratt truss railroad bridge of three spans, each 155 
feet in length, is shown in Fig.194. This kind of simple trusses 
is more extensively used in this country than all other bridge 
trusses combined. That statement applies to both riveted and 
pin-connected trusses. It has vertical members at each panel 
point and its diagonals slope downward toward the middle of 
the span, except the end ones, which are called inclined end 
posts. Sometimes in the deck form the end diagonals are also 
parallel to the rest of the diagonals, in which case the truss has 
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vertical end posts. This form is shown in Fig..19¢, The-extra 
slender diagonal rods in some of the panels are called counter 
diagonals or merely counters, and their use is explained in the 
next chapter. It is seen that the usual form of the deck truss 
is derived from the through truss by merely adding a vertical 
and a horizontal member at each end of the span. 


The Pratt truss became a favorite type with the general 
introduction of wrought iron into bridge construction. Previ- 
ously it was usually built with diagonal ties of wrought iron and 
the other members of wood, and hence called a ‘combination 
truss.’ At present it is nearly always made of steel throughout, 
but in the West it is still occasionally built as a combination 
truss (see Fig. 19 @), all tensile members, however, being made 
of steel and the compressive members of wood. 


The upper diagram in Fig. 19 e represents the through Warren 
truss with sub-verticals, while the lower diagram shows the deck 
form. Although in the former 
the upper chord appears to have 
three panels, and in the latter 
the lower chord to have four 
panels, yet both trusses have 
really eight panels, since floor 
beams are supported by the sub- 
verticals as well as at the other panel points on the level of the 
floor. The sub-verticals indicated by broken lines are some- 
times inserted to give intermediate support to the upper chord 
members. 


Fig. 19 é. 


The Warren truss with sub-verticals is used more frequently 
than the Pratt for deck-riveted bridges of the shortest spans, 
but for the longer deck spans and in through riveted bridges 
the Pratt truss is most exterfsively employed. The former truss 
is used but seldom for pin bridges. A deck span of ten panels 
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and 141d feet long, is shown in Fig. 71 4, and one of eight panels, 
aitd-supported at the upper chord, in Fig. 19 f; the cross ties 
resting directly upon the upper chord in each case. The details 
at the end of the span, two methods of supporting the floor 
beams and the bracing between the inclined end posts, as well 
as the end verticals, are dearly shown in Fig. 19g. A view of 
a through span 113 feet long, erected in 1903, is given in 
F ig. 29 J. 

The Warren truss without sub-verticals represented in Fig. 


19 4 is at present not regarded with favor, being used only occa- 
sionally for very short spans. All forms of the Warren truss 


are now built of steel throughout, wrought iron being formerly 
used. In the South they were built for many years as combina- 
tion trusses, but these have gradually been replaced by others. 


The king-post as well as the queen-post trusses, described in 
Art. 1, were formerly employed for highway bridges of very 
short span, but they are now rarely seen. The verticals are 
wrought-iron rods, the rest of the members being made of wood. 
When the queen-post truss is used in a bridge, however, it 
requires two diagonal struts to prevent the deformation of the 
middle panel. 


Other kinds of trusses are described and illustrated in subse. 
quent articles, while historical notes may be found at the end of 
this chapter and in subsequent chapters. 


Prob. 19. Prepare a list of bridges, located in your immediate vicinity, 
which have Pratt trusses, and another list having Warren trusses. Give 
a skeleton diagram of each truss. with its span and depth. 
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Art. 20. WEIGHTS OF TRUSSED BRIDGES 


_ The dead load of a highway bridge consists of the weight of 
the floor and of the trusses, together with the lateral and trans- 
verse bracing which connects them. Three-inch planking is 
estimated to weigh 13% pounds per square foot, while the com- 
bined weight of steel buckle plates supporting granite block 
paving on a concrete foundation may exceed 230 pounds per 
square foot. For instance, in a span of 1784 feet, 10 panels, 
and a clear roadway of 16 feet, the substitution of a brick pave- 
ment on a concrete foundation in place of a three-inch plank 
flooring, changed the entire dead load from 730 to 2250 pounds 
per linear foot. The weight of the trusses, lateral and trans- 
verse bracing, depends upon the kind of floor, the width and 
span of the bridge, and also upon the kind of trusses, the panel 
length and the unit-stresses adopted in designing, thus making 
it subject to considerable variation in particular cases. The 
stringers vary in weight according to their distance apart and 
their span, while the weight of the floor beams depends upon the 
width of the bridge, the length of the panels, and the arrange- 
ment of the stringers; the weight of both stringers and floor 
beams being influenced by the weight of the flooring or 
pavement and of the live load. 

These considerations indicate how difficult it is to provide a 
formula for the total dead load which shall give closely approx- 
imate results except for a given specification of Icading and 
unit-stresses. Such formulas have been deduced by Epwarp S. 
Suaw for through highway bridges with riveted trusses built 
according to his practice, and their form, as revised in 1904, is 
as follows: 

w = 600 + 1.8/+ 276+ +4 l(t +4q4y5 2) 
w= 300+/+ 226+ 74, 0(1+4g57/) 


in which w is the dead load in pounds ‘per linear foot, d the 
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clear width of roadway and sidewalks, and / the span, both ex- 
pressed in feet. These formulas include the weights of the 
floor planking, curbs, and railings, the first one being used for 
bridges carrying heavy interurban electric cars, and the second 
for lighter traffic, but strong enough to carry a 15-ton road roller 
(Art. 39). For example, the second formula gives a dead load 
of 915 pounds per linear foot for a span of 120 feet and a clea1 
width of roadway of 16 feet. 


The following formula deduced by WappELL and HEpRicK 
gives weights closely approximating the actual weights of high- 
-way bridges designed for Class A loading in WADDELL’s Spect- 
fications (see Art. 39): 


w= 34+226+0.1606/+0.71 


For the same span and clear roadway as given in the preceding 
paragraph this formula gives a dead load of 777 pounds per 
linear foot. 


The dead load of an ordinary country bridge without side- 
walks may be roughly expressed by a simple empirical formula, 
| : 

as follows: w =(24+0.127)b 
the notation being the same as before. +For a span of 120 feet 
and a clear roadway of 16 feet, this formula gives 614 pounds ~ 
per linear foot. 7 


The dead load of single-track railroad bridges with open floors, 
including the weight of the track, designed for the heavy modern 
live loads equivalent to CoopEr’s Class E 50 described in Art. 40, 
vary from w=1100+7/ to w=1400+4 10 /, depending upon the 
unit-stresses specified and the character of the details adopted. 
In these formulas zw is the weight of the bridge in pounds per 
linear foot and / is the span in feet. For some of the best 
designed riveted bridges with spans from about 100 to 170 feet 
the weight per linear foot may be expressed as w= 400 + 177. 


—— 
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The weight of a double-track bridge, exclusive of the track, is 
about 90 percent greater than that of a single-track bridge when 
both tracks are regarded as having their full live loads; and 
about 80 percent greater when the second track is assumed to 
have only three-fourths of its full load. 

A. difference of 20 percent in the weight of the specified live 
load from Class E50 will make a corresponding difference of 
about 17 percent in the weight of the bridge, exclusive of the 
track. The use of solid floors with ballast instead of the open 
floors implied in the preceding formulas makes a material in- 
crease in the dead load, that due to the floor alone being 1000 
pounds or more, while the weight of che trusses is also somewhat 
increased by the heavier floor. 

The following formula applies to single-track pin-connected 
through Pratt truss bridges from 180 to 350 feet span: 


w = 8.63 (7+ 1.3 W— 140) 


in which w equals the weight of metal in pounds per linear foot 
of span, / the span in feet, and W the weight in net tons of each 
of the two locomotives which precede the uniform train load in 
the specified live loading for which the bridge is to be designed 
(Art. 40). The corresponding weight for a double-track bridge 
is about 85 percent more. To the weights thus obtained it is 
necessary to add from 350 to 450 pounds per linear foot for the 
weight of the track in order to find the total dead load. The 
above formula was kindly furnished for this article by WaDDELL 
and Hepricx, and has the important advantage of being expressed 
in terms of the specified live load. 

The following references relate to the weight of railroad truss 
bridges: 

Standard Plans for Bridges; Atchison, Topeka and Santa Fe 
Railway. By A: F. Rosinson. Engineering News, Vol. 49, 
page 482, May 28, 1903. 
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Bridge Metal and Bridge Tests. Editorial. Railroad Gazette, 
Vol. 33, page 638, Sept. 13, 1901. 

Northern Pacific Standard Bridge Plans. By RALPH MODJESKI. 
Journal of the Western Society of Engineers, Vol. 6, page 51, 
February, 1901. 


Diagram.of Comparative Weights of Railway Bridges. By H. 
BREEN. Engineering News, Vol. 33, page 187, March 31, 1895. 


Several articles giving diagrams or formulas for the weights 
of steel in highway and electric railway bridges may be found 
in Railroad Gazette, Vol. 34, page 711, Sept. 12, 1902; Engineer- 
ing News, Vol. 44, page 79, Aug. 2, 1900; Vol. 45, pages 266 and 
433, April 11 and June 13, 1901. 

Prob. 20. Compute the weight of a highway bridge, having a span of 
200 feet and a clear roadway of 21 feet, from each of the above formulas. 


How do these compare with the weight of a poe -track railroad bridge 
of the same span? 


ART. 21. STRESSES IN WEB MEMBERS. 


In Art. 4 it was shown that the stresses in any section of @ 
truss hold in equilibrium the external forces on either side of 
the section. In Fig. 21a a section is drawn cutting a web mem. 
ber and two chord members; hence the stresses in these three 


Fig. 21 3, 


members hold in equilibrium the external forces on the left 
of the section. These forces are shown separately in Fig. 21 J, 
the unknown stresses being pointed away from the section for 
the reason given in Art. 4. Since the chords are horizontal the 
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stresses S’and S" have no vertical] components. Let the second 
Condition of static equilibrium be applied, thus placing the verti- 
cal components of all the forces equal to zero. Then, if 6 be 
the angle between the web members and a vertical 


R, —-P,;— P,— Scos6 =0 


But 2, — P, — P, is the algebraic sum of all the vertical forces 
on the left of the section. This algebraic sum is called the 
“vertical shear’ and is designated by V. Hence, 


V— Scos? =o, or S = Vsecd 


from which results the following important rule: 


’ 


For trusses with horizontal chords the stress in any web 
member is equal to the vertical shear multiplied by the 
secant of the angle which the member makes with the 

_ vertical. 

For the particular diagonal cut by the section in Fig. 216 the 
stress S will be tension, provided V be positive, but for the next 
preceding diagonal the arrow points upward and the equation is 
V + Scos@ =0, or S =—V sec, whence S will be compres- 
sion if V be positive. These considerations show that the kind 
of stress is determined by regarding both the sign of the shear 
and the direction of the web member cut by the section. It is 
frequently advantageous to consider the practical significance of 
the sign of the shear and its effect upon the length of the web 
member. Thus, in Fig. 21 a, if R, be greater than P, + P,,:the 
vertical shear V is positive and tends to move the portion of the 
truss on the left of the section upward, thus increasing the dis- 
tance between the panel points connected by the member and 
thereby indicating tension. For the next preceding diagonal a 
positive shear tends to shorten the distance or to compress the 
member. Both stresses are reversed if the shear be negative. 
For the dead load the shear is always positive if the section be 
on the left of the middle of the truss. 
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For example, let Fig. 21¢ represent one of the riveted steel 
trusses of a single-track through railroad bridge. There are 8 
panels, each 20.5 feet long and 30 feet deep. The dead load 
per linear foot is 400 pounds for the track, 550 pounds for the 
floor system, and 1300 pounds for the trusses and the lateral 
and sway bracing. Dividing the weight of the trusses and 
bracing equally between the upper and lower panel points and 
remembering that the floor is connected to the lower panel 


666 666 666 666 666 666 6.66 6.66 666 6.66 


16.4 164 16.4 16.4 164 16.4 bg 16.8 
80.77 80.7£ 80.72 
Fig. 21¢. Fig. 21a, 


points, the upper dead panel load per truss is found to be 6.66 
kips, and the lower 16.4 kips, a kip being one thousand pounds. 
A half panel load or 8.2 kips is carried to the panel point at 
each end of the truss, but as these loads do not stress the truss 
members they will be omitted as recommended in Art. 7. Each 
reaction is 80.71 kips. The secant of the angle between any 
diagonal and the vertical is V20.52 + 307/30 = 1.211. The 
vertical shears and stresses in the diagonals may be computed 
as follows, the results being expressed in kips: 


V,= 80.71 S, = 80.71 X 1.211 =—97,7 
V, = 80.71 — 23.06 = 57.65 Ss = 57.65 X 1.211=+ 69.8 
V,= 57.65 — 23.00 = 34.59 Ss = 34.59 X L211 =—Ar1.9 
V, = 34.50 — 23.00 = 11.53 S;= 11.53 X L2II=+14.0 


The signs indicate that the diagonals are alternately in com- 
pression and tension, and are determined as previously explained 
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in this article. One-half of the panel loads at the middle of 
the span are carried each way to the supports, and this fact 
affords a check upon the value of V. Some computers prefer 
to begin at the center to find the vertical shears by successive 
additions, checking the value of V with the reaction. The 
stresses in the diagonals are greatest at the ends and least at 
the middle of the truss. 


The stress in any vertical cannot be found directly by the. 
above method because a section cutting it and both chords will 
also cut a diagonal whose stress has a vertical component. By 
inserting the value of this component in the resulting equation, 
due regard being paid to the kind of stress, the unknown stress 
in the vertical may be determined. A better method is to pass 
a curved section so as to cut only the vertical and the two 
adjacent chord members, as shown in Fig.21d. This gives 


at once, 
S,= S,= + 16.4 S,= S,=—6.7 kips 


‘the stresses being expressed only to the nearest tenth of a 
kip ; that is, to the nearest hundred pounds. 


Prob. 21a. A single-track deck railroad bridge has Warren trusses 
with sub-verticals. Each truss has 6 panels 25 feet long and 30 feet 
deep. The dead loads at the upper panel points are 19.0 kips, except 
those at the ends which are only 9.5 kips, while those at the lower panel 
points are 13.4 kips. Compute the stresses due to dead load for all the 
web members. 


Prob. 21 4. A highway bridge has a span of 100 feet and a clear 
roadway of 14 feet. Its trusses are of the form shown in the upper 
diagram of Fig. 19 e, but without the broken verticals, having 8 panels 
and a depth of 12 feet. The two pony trusses weigh 290 pounds per 
linear foot, while the steel floor beams and reinforced concrete stringers 
and flooring weigh 1510 pounds per linear foot. Compute the stresses 
in all the web members. In finding the upper panel loads let half 
of the weight of each truss be equally #:vided among the upper panel 
points. 
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ART. 22. STRESSES IN CHORD MEMBERS. 


The chord stresses may be found by the method of moments 
which was fully explained in Art.5. After drawing a skeleton 
diagram of the truss the method of procedure may be briefly 


stated as follows: ceed 
Pass a section cutting the given chord member and take -: 
the center of moments at the intersection of the other two 
pieces; then state the equation of moments between the 
unknown chord stress and the external forces on the left 
of the section. 


For example, let the truss in Fig.21¢ be considered. The 

666 Bees panels are 20.5 feet long and 30 feet 
deep. Fig. 22@ shows a part of the 
truss and the external forces on the left 
of a section cutting the members ee 
and 15. For the stress in 15 the center 
of moments is at the intersection of the 
members 11 and 7, and the equation of 
moments is 


80.71 X 61.5 — 23.06 X 41.0 — 23.06 x 20.5 — Sy, X 30=0 
whence S};=+118.2 kips. For Sj, the center of moments is 
at the intersection of members 7 and 15, and the resulting equa- 
tion is 
80.71 X82—23.06 x 61.5—23.06 X41.0— 23.06 X 20.5+5,, x 30=0 
giving S\,=— 126.1 kips. . 


bona 
An examination of these equations shows that they contain 


several multiples of the panel length, and hence they may be 
written in a form that requires less computation. The second 
one becomes 

. [80.71 X 4 — 23.06(3 +2+1)]20.5+ 5.x 30=0 

the solution of which also gives Si = — 126.1 kips. 
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In a similar manner the remaining chord stresses may 
be found, their values being as follows: S,= S,,=— 94.5; 
Sig =Sig=+55.2; and S,,=+118.2 kips. Since the center 
of moments for S,, is the same as for Sis, and the loads 
between the sections cutting the chord members 14 and 1 5 
have a lever arm of zero, the stresses Si4 and S$, are equal, 
and for a similar reason S,,= Sig and Sy= Sj). On compar- 
ing these values it will be noticed that the greatest chord stress 
is at the middle of the truss. Since each stress is determined 
independently by this method, especial care is necessary to 
avoid errors in computation. 


Prob. 22@. Compute the chord stresses for the truss of Prob. 21a. 
Prob. 22. Find the chord stresses for the truss of Prob. 21 3. 


ArT. 23. THE METHOD or CHorD INCREMENTS. 


The method of chord increments depends upon the applica. 
‘tion of the first condition of static equilibrium in determining 
the stresses in the chord members. It is a special case of the 
method of resolution of forces described in Art. 6, when the 
chords are horizontal and the loads vertical. 


\ /S, 
\ 
ei 
—> 
tS 
R 
Fig. 23 4 Fig. 23 ¢. 


Fig. 23@ shows the left end of a truss where the stresses Sy 
and Sj, in the members cut by the section are in equilibrium 
with the reaction R. Considering the web stress S, as known, 
it may be regarded as an external force in finding the unknown 
chord stress $,. Since S, is compression, the arrow is pointed 
toward the section, while the arrow representing the unknown 
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stress Sj, is pointed away from the section, as recommended in 
Art. 4. Placing the sum of the horizontal components equal to 
zero, 9 being the angle which S, makes with the vertical, 


— S,sin9+ S;,=0, whence S,.= 5S, sin 
But, as shown in Art. 21, S, = V,sec0, where V, is the vertical 
shear in the section; hence 
Referring to Fig. 23 4, let a circular section be passed cutting 
the members 12, 2 and 13, and place the sum of the horizontal 
components equal to zero for the portion of the truss below the 
section, then — Sj.-+ Sj,=0, or Sj. = Sjp. 


Next consider the stresses in the members cut by the vertical 
section in Fig. 23 6, and again place the horizontal components 
equal to zero, remembering that S, and S,, are known and that 
the pointing of their arrows indicates that both are tension. 


Sy + Sz sind + S;,=0, whence Sy = —(S,3 + V; tan) 


V, being the vertical shear in the section, or the vertical com- 
ponent of the stress S;. The minus sign indicates that S, is 
compression. 

In a similar manner, by passing successive sections, the stress 
in each chord member may be found by adding an increment 
Vtan@ to another chord stress previously obtained. It will be 
noticed that the chord increments are derived from the diagonals 


only, since the stresses in the verticals have no horizontal 


components. ; 
6.66 666 666 666 666 666 6.66 


AAV, 


£\ L\ 


16.4 16.4 16.4 16.4 16.4 16.4 


80.77 80.78 
Fig. 23 a, 
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For example, let the chord stresses be found for the truss in 
Fig. 23 d, the same one that was used in the examples of Arts. 
21 and 22. The value of tan@ is 20.5/30= 0.6833, and the 
details of the computation may be conveniently arranged in 
‘tabular form, as follows: 


DIAGONALS. SHEARS, IncREMENTS. STREssus. Corps. 
me 80.71 55-15 55-15 12,13 

3 57-65 39-39 94-54 9, 10 

5 34:59 23.64 118.18 14, 15 

7 11.53 7.88 126.06 II 


The shears were computed in Art. 21; the chord increments 
‘are respectively the product of the corresponding shears and 
tan@; and the stresses are obtained by adding each increment 
to the preceding chord stress, the first stress being equal to the 
first increment, as previously proved in this article. 

These values may now be rounded off to the nearest tenth of 
a kip, giving Sy =Sjg=+ 55.2; Sps=Si=— 94-55 Su= Sis 
=+ 118.2; and S,,=—126.1 kips. The value of S,, agrees 
‘with that obtained in the preceding article. As the upper 
chord of a simple truss is always in compression and the lower 
chord in tension, no attention needs to be paid to the signs in 
constructing the table, provided, as in this example, a vertical 
section cuts only one diagonal. 


The numerical work required by this method is less than by 
the method of moments, but the most important advantage con- 
sists in the fact that each stress depends upon the preceding 
one, so that if the last value be checked by the method of 
moments it is practically a check on all of them. However, 
the method of moments is general and applies to any form of 
truss, while the method of increments is only valid when the 
chords are horizontal. 

In case it should be desired to find the stress Sj, directly 
from Sig instead of from Sy or Sj, it can be done by adding the 
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increments due to both diagonals 3 and 5, as shown by Fig. 23, 
in which all the stresses are known except S,,; S3 and Sj, are 
tension, while S, and S,; are compression. 


whence Si4= Sy3 + Vz tand + V,; tan 


It may be added that any chord stress can be found without 
reference to an adjacent chord stress by cutting the section 
through the given member and through all the diagonals on the 
left of it. This gives the expression, 


She Vi tan@ + V3 tané + Vs tan@-+-: = (Vi + V3t+ Vst:-) tand 


which shows that the chord stresses increase from the end of 
the truss toward the middle. 


Prob. 23@. Compute the chord stresses for the truss of Prob. 21@ 
by the method of chord increments. 


Prob. 23 4. Compute the chord stresses for the truss of Prob. 214 
by the method of chord increments. 


ART. 24. THE Pratr Truss witnour Counters. 


Two diagonal ties are often inserted in a panel of a truss in 
order to resist the deformation of the panel when a load passes 
over the bridge, and the one which is not stressed by the dead 
load is called a ‘counter tie.’ The form of the truss containing 
counter ties will be considered in the next chapter. The first 
Pratt truss with only one diagonal in each panel was built in 
1870, on the Pennsylvania Railroad, the diagonals near the 
middle of the span being designed to take both tension and 
compression like those in the Warren truss. The movement 
for the introduction of this modification of the usual form made 
no material progress, however, until after 1890, and grew out 
of the necessity for greater stiffness as well as strength in the 
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short spans of trussed railroad bridges to provide adequately 
for the increasing weights of locomotives. See Fig.19d. The 
more general and decided increase in the weight of rolling stock 
during the latter part of that decade led to an unusual amount 
of reconstruction of bridges in which riveted trusses replaced 
many pin trusses of short span. At present (1904) they are 
used on most of the railroads in this country for longer spans 
than formerly, the upper limit ranging from 120 to 160 feet and 
in a few cases exceeding 200 feet. Most of the through spans 
and a part of the deck spans of riveted trusses erected since 
1900 in various parts of the United States and Canada are Pratt 
trusses. Naturally this movement also affected the design of 
highway bridges and the use for that purpose of the Pratt truss 
without counters. 


Let it be required to compute the stresses due to the dead 
load in the riveted trusses of a single-track through railroad 
bridge with a span of 150 feet and a depth of 28 feet, there 
being 6 panels of 25 feet each. The estimated weights per 
linear foot are 400 pounds for the 
track, 480 pounds for the floor 
system, and 1160 pounds for the 
trusses and bracing. Assuming 
600 pounds per linear foot of the 
last item to be applied at the upper 
panel points, the upper dead panel 
loads per truss are 600 x 25/2 = 
7500 pounds or 7.5 kips, while the lower panel loads are 
400 + 480+ 560) 25/2= 18000 pounds or 18 kips. Omitting 
he half panel load at-the end panel point of the truss, the 
reaction is (7.5 + 18)5/2= 63.75 kips. Secé is 1.341 and tan? 
is 0.893. 

Applying the methods described in Arts. 21 and 23 the 
following results are obtained, expressed in kips:- 
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STRESSES IN SHEARS IN CHORD CHORD 


Cuorps, 
DIAGONALS, DIAGONALS. INCREMENTS. STRESSES. 


D1IAconats, 


— 85.5 63.75 56.92 56.9 9, 10 
+ 51.3 (38225 BASS QI.1 Gy ii 
+ 17.1 12.75 11.38 102.5 8 


In order that all the results. may be given in a single table 
the stresses in the diagonals are placed on the left of the 
vertical shears, leaving the latter. next to the chord increments. 
The stresses are marked on the diagram. S,.=+18.0 and 

S,=— 7.5 kips, both stresses being found directly by cutting 
circular sections. The shear in the vertical 4 is obtained by 
passing a section through the members 7, 4 and I1, giving 
V, = 63.75 — 25.5 -18= 20.3 kips. Its stress is numerically 
equal to the vertical shear in this section, since secO = 1 in this 
case, and as the shear is positive the stress is compression. 
The last chord stress im the table is checked by taking moments 
about the center panel point of the lower chord, the equation 
being 63.75 X 75 — 25.5 (50+25)+ S, x 28 =o, the solution of 
which gives S, = — 102.5 kips. 


An examination of Fig. 24 shows that under the dead load all 
the diagonals except the end ones are in tension, while all the 
verticals except the end ones are in compression. The end 
diagonal is called the ‘inclined end post,’ and the end vertical 1s 
often called a ‘suspender’ since it suspends the floor beam and 
its load from the panel point at the ‘hip’ of the truss. 


In computing the length of a diagonal and the values of sec0 
and tan@, SMotry’s Tables will be found very useful since they 
give in parallel columns the logarithm and the square of all dis- 
tances from zero to 50 feet for every thirty-second of an inch. 
In view of the difficulty of estimating accurately the weights of 
bridges as well as their other loads, it is not desirable to carry out 
the results of the computation of stresses to many decimal places. 
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The student is urged to avoid unnecessary refinement in this 
respect and to earnestly cultivate habits that tend to secure 
freedom from numerical errors. In the previous example two 
decimal places are used for the intermediate work and only one 
for the final stresses, but frequently in practice one decimal place 
less is employed, giving the stresses in full kips. : 

Prob. 24a. A single-track railroad bridge has riveted pony Pratt 
trusses having 8 panels, each 1 3 feet long and 13 feet deep. Compute 
the dead-ioad stresses for loads of 4 kips and 9 kips per truss at the 
upper and lower panel points respectively. 

Prob. 244. A single-track deck railroad bridge whose span is 128 feet 
has riveted Pratt trusses 24 feet deep, with inclined end posts, and 
6 panels. Compute the stresses due to a dead panel load of 20.4 kips 
per truss, two-thirds of which is to be applied at the panel points which 
support the floor. 

Prob. 24¢. A highway bridge without sidewalks has through Pratt 
trusses of 6 panels, each 20 feet long and 20 feet deep. The trusses are 
15 feet 8 inches apart. Compute the stresses due to a dead panel load 
per truss of 10.4 kips, one-fourth of which is to be applied at the upper. 
panel points. 


ArT. 25. THE Howe Truss witnout Counters. 


In the Howe truss the main diagonals slope in the opposite 
direction from those in the Pratt truss, as may be seen by com- 
paring Figs. 25 @ and 19a, and hence resist compression. The 
upper diagram in Fig. 25 a shows the form of a through Howe 


truss and the lower diagram that 
of a deck truss. Generally the 
Howe truss contains counter 


struts, but the discussion of that 
type is reserved for Art. 35. In 
the case of trusses supporting 
only a fixed load, or in highway 
bridges of short span and subject to light traffic, the counters 
may be omitted. 
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For example, let the dead load stresses be found for one of 
‘the pony Howe trusses of a bridge which carries a farm road 
across a canal or railroad. The truss has 6 panels, each 12 feet 
long and 6} feet deep. The panel load per truss is 3200 pounds 
or 3.2 kips, as marked on the diagram in Fig. 25 4, it beine 


7 : g 


pe 
Fig. 25 4. 


assumed that the entire panel loads are applied at the lower 
panel points. The vertical shears in the diagonals 1, 3 and 5 
are 8.0, 4.8 and 1.6 kips respectively, while the stresses are 
—16.8, —10.1 and —3.4 kips, sec@ being 2.098. The shears 
in the verticals 2 and 4 are the same as in the diagonals I and 
3, since there are no loads at the upper panel points, and hence 
their stresses are + 8.0 and + 4.8 kips. The vertical 6 supports 
one panel load, giving a stress of + 3.2 kips. The computation 
of the chord stresses is given in the accompanies table, the 
value of tan@ being 1.846. 


D1aGonaLs. SHEARS. INCREMENTS, STRESSES, Cuorps, 
I 8.0 14.77 14.77 9,7 
3 4.8 8.86 23.63 10, 8 
5 1.6 2.95 26.58 II 

and accordingly the stresses are S, = — 14.8, Sg > 23.6), 5, 


+ 14.8, Sip= + 23.6, and S,,= + 26.6 kips. 


The diagonal struts and both chords are built of wood and the 
verticals of iron or steel rods, the struts bearing against angle 
blocks either of wood or cast iron which are notched into the 
chords so as to transmit the increments of chord stresses. 
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Prob. 25. A deck Howe truss has 6 panels, each 7 feet 7 inches 
long and 9 feet 10 inches deep. Compute the stresses due to a dead 
panel load of 3.8 kips. 


ArT. 26. THE BALTIMORE Truss. 


The Baltimore truss may be described as a Pratt truss with 
subdivided panels, or as a combination of the Pratt truss with 
a@ number of secondary king-post trusses. The upper skeleton 
diagram in Fig. 26@ shows one type of the through truss in 


DONATIONS 
AARDDD, 


Fig. 264. 


which all the short or sub-diagonals are struts, while the lower 
diagram shows another type in which the sub-diagonals are in 
tension except the one at each end of the span. Even the end 
ones are in tension when vertical end posts are employed as in 
Fig. 26¢, but this is rarely done except in some double-deck 
bridges. Fig. 264 shows the usual form of one end of a deck 
truss. Sometimes the end post is extended over only one panel 


Fig. 264, Fig. 26¢, Fig. 26d, 


instead of two, thus giving it a greater slope than the other long 
diagonals, as in Fig. 26¢. The principal objection to the form 
illustrated in Fig. 26¢ is the absence of any stress in the first 
long panel of the lower chord due to vertical loads. 
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The Baltimore truss was introduced in 1871 by modifying the 
Pratt truss so as to give intermediate support to the chord which 
sustains the floor in railroad bridges, while still retaining sim~ 
plicity and economy in construction. Although this truss was 
then used for panels and spans which are now regarded as com- 
paratively short, the principle of the subdivided panel became 
especially serviceable later as longer panels came into use, 
thereby increasing the practicable span of simple truss bridges. 
The introduction of solid floors has again led to the use of this 
truss for short spans, since it is well adapted for the short panel 
lengths thus required. 


The name of the truss is derived from that of the Baltimore 
Bridge Company, which advertised it extensively, although it 
was originated in the bridge department of the Pennsylvania 
Railroad. (See Arts. 37, 70, 74.) Views of two bridges of this 
kind are given in Figs. 29d and 29¢. 

As an example of the computation of its stresses let the truss 
of a double-track through railroad bridge be taken whose span 
is 440 feet and depth 55 feet, there being 16 panels (Fig. 26 ¢). 
On account of the long panels sub-verticals are also inserted to 
support the upper chord members. The actual weight of this 
bridge per linear foot, exclusive of its end supports (pedestals 
and bearings), is 6178 pounds, which includes 1370 pounds for 
the floor system. The weight of the two tracks is 800 pounds 
per linear foot. 


The upper and lower panel loads per truss are found to be 
33 and 63 kips respectively, and the reaction 720 kips, an upper 


panei load being placed at 
NAN Nee & as.well as at all panel 
NENG on account of the heavy 
cde f.g &# # portal bracing attached ta, 


points of the upper chord 
Fig. 26. BC. Strictly a part of both 
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panel loads in the corresponding verticals should be concentrated 
at the joints a2’, f' and 2’, but this is regarded as a needless 
‘Tefinement for the practical purposes of design. Sec6 is V2 
and tané@ is 1, 


Most of the stresses in the web can be found by applying the 
Same methods as for the Pratt truss. But for the members on 
the sides of the triangles Ea'e, Gf'g and Th'7 it is not possible 
to pass a section without cutting two members whose stresses 
have vertical components. An additional condition is found in 
the fact that the two parts composing the long diagonals lie in 
the same straight line. By passing a circular section clear 
around the panel point @’, for example, considering the equi- 
librium of the part thus cut out, and resolving all the stresses in 
the members perpendicular to the long diagonal Cz, the stress 
in £d’ can be found since those in Da’ and d'd are known. 


This method, however, is not convenient except in the special 
case where the angle between Za’ and the vertical is 45 degrees. 
The sub-verticals Da’ and a'd serve merely to transfer the panel 
loads at D and @ to the joint d@’, and since it has just been shown 
that the stress in Ed’ depends only upon this load at a', the tri- 
angle Cd'£ must act asa secondary truss to transfer the load to 
the panel points C and & respectively. Its symmetry proves 
that the vertical component of the stress in Ed’ is 96/2= 48 kips 
and the stress 48 secO= +68 kips. 


The stresses in d@'¢ and in Ee may now be obtained. Let a 
section be passed cutting DE, Ed', Ee and of (Fig. 26 e), andi 
let the part of the truss on the left of the section, as shown 
separately in Fig. 26, be considered. Placing the sum of the 
vertical components equal to zero, 


V+ S'cos@+ S=o 


in which V, the vertical shear in the section, equals 369 kips;. but 


S’ cos@ = 48 kips, therefore the stress in Ze is — 417 kips If 


72 BRIDGE TRUSSES UNDER DEAD LoAps.  Cuap. II. 


the section be passed through a’¢ instead of Ee, the corresponding 
ONS V + S' cos6 — Scos0 = 0 


in which 7 = 432 and S’cos@ = 48 kips, whence the stress in 
d'eis S=+679 kips. It should also be noticed that the differ- 
ence between the vertical components of the stresses in @’e and 
Ee equals the lower panel load, or 63 kips, as shown by passing 
a section around the panel point ¢. 


The stress in /¢ may be found by passing a section either 
around / or z., The following equations may then be written for 
these two cases: 


— 33 —48 — S— 48 =oand +96+ S + 96 — 63 =0 


the solution of which gives S =— 129 kips. The values of 96 
kips in the second equation are the vertical components of the 
two diagonals meeting at z, and which are to be previously 
determined. Ina similar manner the stress in Cc is obtained. 


The following are all the stresses in the web members: a@B, 
1018; B6;—9505 (Ca! 4-747; dig, +670, 17 yg 
+407; Gh', + 204; 4/2, +136; Bc=—68; Ed'=Gfl=Ih'= 
+68; Dd =Ff'=fh' = —33; Bb=a'd=/ f=lhi—=- 6 sips: 
The student should mark these stresses on a skeleton diagram 
like Fig. 26 ¢, drawn to a larger scale. 


The chord stresses are most conveniently found by the method 
of chord increments (Art. 23). Referring to Fig. 26 ¢ in which 
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a section is passed through the chord member EF (Fig. 26 ¢), 
the arrows indicate the direction of the known web stresses. It 
is observed that all the stresses in the long diagonals point 
toward the right, giving positive chord increments, while those 
in the short diagonals point toward the left and give negative 
increments. The following table gives all the chord stresses: 


ener. ne ree ee aks 
720 +720 720 
48 —48 672 
528 +528 1200 
48 —48 1152 
336 +336 1488 
48 —48 1440 
144 +144 1584 


Another method of computing all the stresses, and which may 
be used as a check, is illustrated in Figs. 26% and 267. Inthe 
former diagram the outlines of the secondary trusses are indi- 
cated in broken lines, and the stresses are those of a Pratt 


Fig. 26%. Fig. 262. 


truss for the panel loads marked on the diagram. The loads 
at C and ¢ differ from the rest of the respective groups since 
the secondary truss on the left transfers 48 kips to c instead of 
to C. By adding the stresses in the two diagrams the same 
results are obtained as before. 
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Prob. 26. A three-truss highway bridge with paved floor has a span 
of 188 feet 2 inches. Its width including two sidewalks outside of the 
trusses is 99 feet. Compute the stresses in the center truss due to a dead 
panel load of 120 kips, assuming the entire dead load to be applied at the 
lower panel points. The truss is of the upper form shown in Fig. 26 a, 
has 16 panels and is 25 feet indepth. Sec@ is 1.373 and tan is 0.941. 


ArT. 27. STRESSES IN TERMS OF PANEL LoApD W. 


The relative magnitude and distribution of stresses in any 
truss may be studied to advantage by means of a diagram on 
which the loads and stresses are marked when expressed in 
terms of the panel load W. Fig.27a gives these values for 
a Pratt truss of 10 panels, each 25 feet 4? inches long and 40 
feet deep. The bridge accommodates a double-track railroad 
between the trusses, which are 31 feet 2 inches apart between 
centers, and two highways (including sidewalks) on the can- 
tilever projections of the floor beams. The total dead load is 
8710 pounds per linear foot, giving a panel load of 110.6 kips 
per truss. On multiplying the quantities on the diagram by 
110.6 kips, the magnitude of all the stresses is obtained. 


A set of coefficients which is more convenient in the compu. | 
tation of stresses is given in Fig. 276. These values are inde- 
pendent of the panel length and depth of truss and depend 


5.08 -6.67 -—762 —794 ONO HOT ol | SY) 
9. Q Q Q oO le. Q Q Q e, 


Fig. 27 3, 


‘only upon the kind of truss and number of panels. Those 
‘marked on the web members represent their respective vertical 
‘shears due to the panel loads indicated on the diagram. The 
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coefficient for each chord member equals the sum of the coeffi- 
cients of all the diagonals on its left when a section is passed 
cutting the chord member and those diagonals as explained in 
Art. 23. The signs preceding the coefficients indicate the kinds 
of stress. To obtain the stresses due to a panel load of 110.6 
kips, the coefficients on the diagonals are to be multiplied by 
W sec@ = 131.01, those on the verticals by 1V= 110.6, and those 
on the chord members by W tan@ = 70.22 kips. 


For example, the stress in the inclined end post is —4.5 x 
131.01 = — 589.5; and in the middle of the upper chord, —12.5 
X 70.22 = — 877.8 kips. The stresses in all the verticals are 
given in the second line of the following table when the entire 
panel load is regarded as concentrated at the lower panel points, 
as indicated in the diagram; while the values in the third line 
_ give the corresponding stresses when the panel load is divided, 

28.0 kips being applied at the upper, and 82.6 kips at the lower 
panel points. 

Coefficient of 7” 1.0 2.5 is O50 

Stress for W at lower chord +110.6 —276.5 —165.9 553 .—o 

Stress when W is divided +82.6 ~—304.5 —193.9 —83.3 —28.0 
It is seen that the uniform correction. to be made is an addition 
of 28 kips compression. The division of the panel loads affects 
no stresses except those in the verticals. 

Prob. 27a. Prepare a diagram like Fig. 274 for the truss shown in 
Fig. 23. 

Prob. 274. Prepare a similar diagram for the truss of Fig. 26¢. 


ART. 28. AQUEDUCT AND Foot BRIDGES. 


Simple truss bridges are sometimes employed to support 
aqueducts when crossing a stream or a subway. Masonry 
arches are most frequently used for canals, and in a few cases 
suspension bridges have been employed to carry small aque- 
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ducts. In Engineering News, Vol. 52, page 54, July 21, 1904, 
may be found an illustrated description of a combination deck 
truss bridge of four spans carrying a flume 16 feet wide and 
8 feet deep across Kern River in California. The trusses are 18 
feet apart, 29 feet deep, and are of the Baltimore type, the end 
posts, however, extending over only one panel. One span is 
164 feet long and has 12 panels, while the others are 100 feet 
long and have 8 panels. 


In Appendix DDD of the Report for 1891 of the Chief of 
Engineers, United States Army, may be found the plan and 
elevation of the M Street aqueduct bridge which carries the 
48-inch water main over Rock Creek, in Washington, D.C. 
It is a riveted Warren truss bridge of to panels, with a span of 
126 feet 9 inches and a depth of about one-twelfth the span. 
The trusses are spaced 6 feet 9 inches apart. 


Occasionally bridges are required for foot passengers only, to 
cross either a railroad or a stream, or to secure an overhead 
passage from one building to another. Fig. 28 shows the skele- 
Py oe Be yoo ton diagram of part of a through 
: riveted truss in a foot bridge 
which crosses a number of rail- 
road tracks. A square tower 
consisting of four columns prop- 


erly braced together supports 
the landing of the stairway at 
each end of the bridge, and the inner columns also support the 
ends of the trusses. Both the upper and lower lateral systems 
are Warren trusses with sub-struts at each panel point. As the 
upper system has the same number of panels as the lower one, 
there are struts normal to the upper chords not. only at the 
panel points of the main trusses, but also midway between 
them. The main trusses have a span of 81 feet 8 inches, a 
depth of 9 feet 3 inches, and are spaced 8 feet apart. 


Fig. 28. 
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The actual weight of the upper chords, upper lateral system, 
portal and sway bracing and one-half of the web members of 
the main trusses is 7915 pounds, making the upper panel load 
4(7915)/5 = 790 pounds. The weight of the lower chords, 
lower laterals, floor beams, joists, flooring, railings and one-half 
of the web members of the main trusses is 19 330 pounds, 
whence the lower panel load is 3 (19 330)/10=970 pounds. 
The stresses are found by the methods of the preceding articles. 
For example, the tension in the end diagonal is 5945 x 1.334= 
7930 pounds, and the compression in the middle panel of the 
upper chord is (5945 + 4975 + 3215 +2245 + 485) 0.883 = 14 890 
pounds. 


Probably the longest simple truss foot bridge in the country 
is the Fulton Street bridge over the Lake Shore and Michigan 
Southern Railway in Buffalo, N.Y., its construction being begun 
in the latter part of 1904. The through trusses of 16 panels 
are like Fig. 31, their span being 200 feet, their depth 20 feet, 
and the distance between them 11 feet 2 inches. 


Prob. 28. Compute the stresses in all the members of the truss of 
Fig. 28. 


ArT. 29. Historicat Novtes. 


The longest span of any Pratt truss bridge in this country is 
286 feet 10,°, inches, being the fixed spans adjacent to the direct 
vertical lift span in the Oregon Railroad & Navigation Company’s 
bridge over the Willamette River at Portland, Oregon. It is a 
double-deck bridge accommodating highway traffic on the upper 
floor and a double-track railroad on the lower floor, and was com- 
pleted in 1912. The next in length is the channel span of the 
Idaho & Washington Northern Railroad bridge over the Pend 
Oreille River at Box Canyon, Idaho, completed in 1910. Itisa 
single-track deck span 280 feet long. Both of the spans men- 
tioned have riveted trusses with 11 and 10 panels respectively. 


78 BRIDGE TRUSSES UNDER DEAD LOADS. Cuap. II. 


The largest pin-connected Pratt trusses in railroad bridges are in 
the Pennsylvania Railroad double-track deck bridge over the Sus- 
quehanna River at Havre de Grace, Md., built in 1905. In 1884 
a combination bridge of the Pratt type was built on the Northern 
Pacific Railway with the extreme span of 300 feet, but it was 
shortened to 225 feet in 1903. Spans of 250 feet, however, were 
in use in 1904. The longest Pratt span, used exclusively for 


i : R. R. Gazette. 
Fig. 29@. St. Louis, Kansas City, and Colorado Railroad Bridge over Gasconade 
River, Built in 1903. 


highway traffic, is 250 feet, and crossed the Kansas River at 
Fort Riley, Kansas It was destroyed by flood in 1903. 


The Louisville and Nashville Railroad bridge across the Ohio 
River at Henderson, Ky., contains the longest Warren trusses 
with sub-verticals. The trusses in every span are of the same 
type and pin-connected throughout, the spans varying from 521 
feet 114 inches to about 74 feet. The bridge was completed in 
1885. Next to this through channel span, which has 20 panels, 
ranks the long simple truss deck span in the Arkansas approach 
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to the cantilever bridge over the Mississippi River at Memphis, 
Tenn., completed in 1892, It has 12 panels and is 338 feet 
Qinches long. There are really very few trusses of this type in 
the country whose span exceeds 1 50 feet, and hence it is remark- 
able that the greatest span should so far exceed this length. 


The longest riveted Warren truss with sub-verticals is in the 
foot bridge in Buffalo, N.Y. (Art. 28), the span being 200 feet 


: RR. Garena 
Fig. 29. Part of Southern Pacific Railway Bridge at Second Crossing of Los 
Angeles River, Los Angeles, Cal. Built in 1903. 


long. Next to this are the riveted trusses 164 feet long in a 
bridge over Lycoming Creek on the Northern Central branch. 
of the Pennsylvania Railroad, built in 1903. 


For the description and illustration of two bridges of this type 
which are of historical interest consult The Pennsylvania Rail- 
road by JAMES Drepce. The first bridge was erected in 1869 
over the Little Juniata River, and the latter at Morrisville, Pa., 
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nearly ten years later. See also Plate XIX in-Transactions 
American Society of Civil Engineers, Vol. 21. 

The Howe truss bridge has been properly styled as pre. 
eminently the American wooden bridge. No other type of 
truss was so extensively built during the thirty years following 
its introduction in 1840, and in various parts of the country 
where timber is plentiful, notably in the far West, it is still in 
use for both railroad and highway traffic. The longest spans 
for railroad bridges are 250 feet, while for highway purposes the 
span was extended to 300 feet in a bridge over Laughery Creek, 
near Aurora, Ind., in 1868. In the latter case, however, the 
trusses were really combination trusses, since their lower chords 
were composed of wrought iron instead of wood. Comparatively 
few Howe trusses have been built whose span exceeds 200 feet, 
and most of them are below 150 feet in length. 


The Howe truss has steadily maintained its serviceableness 
in transfer bridges, where its elasticity makes it superior to 
iron or steel trusses. See Engineering News, Vol. 23, page 67, 
Dec. 28, 1889, and Vol. 46, page 468, Dec. 19, 1901. It is also 
used to a limited extent as a roof truss. 

The channel span of the Bessemer deck bridge over the Alle- 
gheny River on the Butler and Pittsburgh Railroad, completed 
in 1897, contains the longest Baltimore trusses built up to this 
time (1904). ‘The span is 517 feet 6 inches, and there are only 
16 panels. The through spans of the Chicago, Burlington and 
Quincy Railroad bridge over the Missouri River at Bellefontaine, 
‘Mo., are the next longest, the trusses having the same number 
of panels and a span of 440 feet. The bridge was erected in 
1893. See Fig. 29d. In both cases the short diagonals are 
tension members; however, the former has counters while the 
latter has not. The longest Baltimore trusses in a highway 
bridge are 435 feet 10 inches long, being those of the High 
and Main Street bridge at Hamilton, O. 
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Fig. 29@, Chicago, Burlington and Quincy Railroad Bridge over the Missouri River at Bellefontaine, Mo, 


Built in 1893, 
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The trusses of the channel span of the New Westminster 
bridge over Fraser River in British Columbia are the best rep- 
resentatives of this type without counters in which all the 
short diagonals are struts. It is a double-deck through bridge 
completed in 1904, the channel span being 380 feet long. See 
Engineering Record, Vol. 49, pages 544 and 582, April 30 and 
May 7, 1904. In the United States bridge over the Mississippi 
River at Rock Island, the short diagonals are also struts, but 
counter ties are used. This is also a double-deck through bridge 
of unusual weight completed in 1896, the longest of its simple 
Spans being 258 feet. See Engineering News, Vol. 36, page . 
407, Déer17, 1896: 


A number of Baltimore trusses have been built in which 
short diagonal struts are used in those panels that need no 
counters, while the diagonals near the middle are all ties. 
Some of the bridges on the Union Railroad, both at Port Perry 
and elsewhere, have this arrangement of bracing. Both modes 
of bracing last described are illustrated in Fig. 29 2, one in the 
through span which is 170 feet long, and the other in the deck 
span which is 200 feet long. 


The longest riveted Baltimore trusses are those in the ter- 
minal railroad and highway double-deck bridge over the Missouri 
River at Kansas City, their lengths being 425 feet 61 inches and 
423 feet of inch respectively. This type of truss was adopted 
as standard during the reconstruction of bridges on the New 
York Central and Hudson River Railroad after 1899, nearly all 
being riveted bridges with solid floors. See Fig. 29 f for an end 
view of a through bridge with three trusses. 


The oldest Baltimore truss bridge now standing was built in 
1876 over the Pennsylvania Railroad at Forty-First Street, 
Philadelphia. There are 20 panels, and the span is 213 feet 
4 inches. The trusses are 40 feet apart, and two 10-foot side- 
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walks are outside of the trusses. There are no counters, and 
the short diagonals are all struts. It is described and illustrated 
in JAMEs DrepGr’s The Pennsylvania Railroad. In the same 
book may be found the general dimensions and details for the 
first design of a Baltimore truss bridge that was built in 1871 
over the Juniata River and Canal at Mount Union, Pa. 


Prob. 29. Refer to Engineering News, Vol. 9, page 418, Dec. 23, 1882, 
and examine the two forms of the Pratt truss which were patented in 
1844; and on page 394 for similar information relating to the Howe 
truss, especially the improved form patented in 1846. 


ART. 30. LIVE LOADS. &? 


Chr tie RL 
BRIDGE TRUSSES UNDER LIVE LOADS. 
ART.30,. Live Loans, 


The ‘live load’ or ‘moving load’ is that which passes over 
the bridge, like the trains on railroad bridges, or the wagons 
and foot passengers on highway bridges. For the majority of 
Lridges this load usually causes greater stresses than the dead 
load, while it is also more injurious on account of the shocks and 
vibrations produced by it. : 


The live load for any bridge is specified by the chief engineer 
who is responsible for its design and construction. Standard 
Specifications have been prepared by a few consulting engineers, 
by many bridge departments of railroad companies and of muni- 
cipaltiies, as well as by several of the manufacturers of bridges. 
Some of these are published and have been extensively adopted 
by other engineers. 


In general, the trusses of highway bridges are found to be 
most highly stressed by a crowd of people densely packed upon 
the roadway and sidewalks, the car tracks, if any, being covered 
by electric cars; while the floor system of the roadway receives 
its greatest stresses from heavy axle loads like those of road 
rollers, traction engines, or trucks carrying heavy pieces of 
machinery. The live load may cover a part or the whole of the 
bridge, or may move over it like a train on a railroad bridge. 


In Cooper’s Specifications, highway bridges are divided into 
the following classes: Class A1. City bridges having buckle. 
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plate floors and an accepted form of paving resting on a con- 
crete base. Class Az2. City bridges having plank flooring. 
Class B. Suburban bridges or interurban bridges carrying 
heavy electric cars. Class C. Town or country bridges car- 
rying light electric cars, or bridges carrying heavy loads from 
quarries or manufactories. Class D. Country bridges carrying 
only ordinary highway traffic. Class Er. Bridges carrying 
heaviest motor cars only. Class E2. Bridges carrying light 
motor cars only. Note.—Classes A and B shall be designed to 
carry at any future time a double-track electric railway. : 


CoopEr’s load for which the trusses are to be computed is 
divided into two parts: First, that upon the street car tracks 
assumed to occupy a width of 12 feet fora single track and 22 
feet for a double track; and second, that upon the remaining 
portion of the floor, including sidewalks. For spans of 100 feet 
or less the load per linear foot of each car track is 1800 pounds 
for classes A and B and E1, and 1200 pounds for classes C and 
E 2; on the remaining floor surface the load per square foot is 
100 pounds for class A and 80 pounds for classes B and C. 
For spans of 200 feet or more the corresponding values are 
1200, 1000, 80 and 60 pounds respectively. For class D the 
load per square foot is 80 pounds for spans of 75 feet or less, 
and 55 pounds for spans of 200 feet or more. In all cases the 
load is to be taken proportionally for spans between the limits 
named. The axle loads for the floor system and its supports 
are given in Art. 39. 

The specifications of the American Bridge Company give 
practically the same classification of highway bridges and load- 
ing as that indicated above. Those adopted by the Massachu- 
setts Railroad Commission for bridges carrying electric railways 
also specify the same loads per square foot, but take it as 
covering the floor up te within two feet of the rails; while the 
load on each car track is either one of two double-truck cars of 
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given weights and wheel bases, or a uniformly distributed load 
that shall be varied according to the length which has to be 
loaded by it to produce the greatest stress in the truss member 
in question. If this ‘loaded length’ be 100 feet or less, the 
load shall be 1500 pounds per linear foot of track; and if the 
‘loaded length’ be 300 feet or over, the load shall be 1000 pounds 
per linear foot of track, and proportionally for intermediate 
lengths. 


Valuable tests on the weight of a crowd of people are recorded 
in Engineering News, Vol. 29, page 252, March 16, 1893, 
Vol. 51, page 360, April 14, 1904,.and Vol. 52, page 406, 
Nov. 3, 1904. The weights range from 134 to 157 pounds per 
square foot. The live load is taken greater for short spans than 
for long ones, and greater for city than for country bridges, 
on account of the ‘larger liability to densely packed crowds. 


The live load to be specified for a railroad bridge is presum- 
ably that of the heaviest locomotives and cars that are to pass 
over it. The difference in the magnitude and distribution of 
the weights of various classes of the rolling stock and their 
gradual increase in weight makes it impracticable to use the 
actual locomotives and cars to determine the live load stresses 
in bridges. The custom is almost universal in this country for 
the railroad company to specify two typical locomotives followed 
by a uniform train load. The axle loads and their spacing for 
these typical locomotives are selected with relation to those in 
actual use and of their probable increase in weight during a 
limited period in the future, and at the same time to simplify 
the computations. Such loads are given in Art. 4o. 


To some extent uniform train loads are substituted, their 
values being determined for various lengths so as to give 
stresses approximately equal to those of the typical locomotives 
and train. These loads expressed in pounds per linear foot 
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vary for different lengths of span, being ate for the smaller 
spans, about as follows: 


Span 60 80 100 120 150 200 250 300 360 or over 
Load 6500 6250 6100 6000 5800 5500 5200 4875 4500 


For a span of 20 feet the live load is about 10 000 pounds per 
linear foot. 

A few railroad bridge departments specify a uniform train 
load plus a concentrated load which is about equal in weight to 
10 feet of the uniform load. For example, the loads for each 
track may, be 5000 pounds per linear foot and 50000 pounds, 
or 4000 pounds per linear foot and 40000 pounds. 

Prob. 30. A city highway bridge with paved roadway and sidewalks 
has a span of 82 feet 6 inches. Its roadway is 39 feet in the clear and 


each of its two sidewalks has a clear width of 6 feet. Find the live load 
per linear foot for the bridge according to Cooper’s specifications. 


ART. 31. “LOADING FOR GREATEST WEB STRESSES. 


When the live load crosses the bridge the stresses in the web 
members vary. Since the stress S in any such member equals 
V sec@ (Art. 21), it is necessary to find what loading makes the 
vertical shear V the largest possible. In any section cutting 
the truss the following theorem is true for the shears due to 
live load: 


The largest positive shear occurs when the live load 
extends from the section to the right support, and the 
largest negative shear occurs when the live load extends 
from the section to the left support. 


To prove this let a single panel load P be placed at any panel 
point on the right of the sec- 
tion, in Fig. 31, producing the 
reaction & at the left support. 
As there is no load on the left 
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of the section, the shear Y equals R and is positive. Since 
every panel load on the right causes a positive shear in the 
section, the greatest positive shear occurs when every panel 
point on the right of the section is loaded. Again, let a panel 
load P be placed at any panel point on the left of the section 
causing a reaction R at the left support, then the shear 
equals  —/, which is negative, as the one reaction is always 
less than the load. Since every panel, load on the left causes 
a negative shear, the greatest negative shear occurs when 
every panel point on the left of the section is loaded. The 
theorem is therefore proved. 


For example, let the live panel load be 12.5 kips for the truss 
in Fig. 31. The largest positive shear in diagonal 4 is found by 
loading the six panel points on the right of the section, whence 


Vi= R= 12.5645 + + f+ fy + fo + fy) = $26.25 kips 


while the largest negative shear is obtained by loading the three 
panel points on the left of the section, giving 


The fractions in the parentheses represent the parts of the 
panel loads which the truss carries to the left support, the 
numerators corresponding to the panel points as numbered from 
right to left in Fig. 31. 

Instead of finding the negative shear from the left reaction 
it is more convenient to use the right reaction. The equation 
then becomes 


Vi= —12.5(q5 +75 + 25) = —7-5 kips 


In this equation the numerators of the fractions correspond to 
the panel points on the left of the section, numbered from left 
to right. The use of these numbers on the diagram aids in 
avoiding mistakes in writing out the equations for the different 
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web members. It will save labor to place the common denomi- 
nator 10 outside of the parenthesis. Thus for the shears in 
diagonal 5 the greatest positive and negative shears are 


Y= 3 (1t24+34+445)= + 18.75 kips 


and Ve= — 3 +24344)=-125 kips 


The results may be checked by comparing the sums of the 
positive and negative shears for each diagonal with the shears 
obtained when all the panel points are loaded, or as in the case 
of the dead load. 


The stresses in the diagonals 4 and 5 may next be computed. 
The panel length is 12 feet 2 inches, and the depth of the truss 
19 feet 9 inches, making secO =1.174, and the stresses as fol- 
lows, due regard being paid to the sign of the shear and the 
direction of the member in each case: 


S,= +30.8 and —8.8kips S,=— 22.0 and + 14.7 kips 
In a similar manner the remaining stresses are found to be 
S,;=-661 ando S,=+52.9 and —1.5 kips 
S3=—41.1 and +4.4 kips 


The live load tension in any sub-vertical is found by passing 
a circular section about its lower panel point, and equals the 
load at that point. This shows that the sub-vertical is not 
affected by the other panel loads and that it is therefore not 
essential to the stability of the truss, but merely serves to sup- 
port the floor beam at its foot and to transfer the panel load to 
the corresponding upper panel point. The effect of omitting 
the sub-verticals is to increase the weight of the floor system 
since the span of the stringers is doubled, while the number of 
floor beams is correspondingly reduced. © 
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Prob. 31 @. Write the equations for the greatest positive and nega- 
tive shears in diagonals 1, 2 and 3 Of the truss in Fig. 31. 

Prob. 31 4. Compute the web stresses due to live load in the Pratt 
truss of a through country bridge, carrying only ordinary traffic. The 
truss has 8 panels, a span of 125 feet, and depth of 22 feet. The clear 


width of roadway is 13 feet. There are no sidewalks. Use CooPEr’s 
specifications, 


ArT. 32. True Live Loap Sugars. 


In all the preceding examples, where a uniform live load per 
linear foot is used the largest live load shear at any section has 
been found by loading all the panel points on the right of the 
section with the live load, as in the first diagram of Fig. 32. 
Thus the first panel point on the right of the section has a full 
live load and the first one on the left has no live load. This 


os 
Nt) ex-9 3 u 


Kigs 32055 


assumption, however, is really an impossible one, for the live 
load is carried to the panel points by the stringers and floor 
beams, and if any of it advance a distance x upon the panel a 
portion is transferred to the point on the left. The point z on 
the right cannot receive a full panel load until the train has 
advanced to the point z+ 1, but then the point z+ 1 receives 
a half panel load. The question now to be considered is 
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What is the value of the distance x in order that the shear in 
the panel may be the largest possible? 


Let & be the left reaction and V the vertical shear in the 
section for the uniform loading shown in the diagram, and let 
r,., be that portion of the load wx which is carried by the 
stringers and floor beam to the panel point 7+ I. If m be the 
number of panels in the truss, # the length of a panel, and zz 
the live load per linear unit, then 


tp + #4 a 
Raw(yp +2) T= 
w 


V=R—in= [22p2 + 2 npx —(m—1) 27] 


2 mp 
The value of x which makes V a maximum is found according to 
the method of the differential calculus by equating the deriva- 
tive dV /dx to zero, and it is 
a 


t= p 


Wt — 1 


which gives the position of the live load for the true largest 
shear in -the (z+ 1)th panel from the right end of the truss. 
Each panel, therefore, has a different value of x for true live 
load shear. 


Substituting this value of + in the preceding equation and 
reducing, the value of the true shear is found to be 


72 


ee (m —1) = 
from which formula the shear may be readily computed. 


For example, the true shears are computed for the truss in 
Fig. 31 and their values compared with those obtained in the 
preceding article by the usual method. The differences ex- 
pressed in kips are given in the following table: 
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Diaconats. VALUE OF 2. TRUE SHEAR. Approx. SHEAR. DIFFERENCE. 
I 9 56.25 56.25 fe) 
2 8 44.44 45.00 —0.56 
3 7 34-03 35-00 —0.97 
4 6 25.00 26.25 —1.25 
oes 17.36 18.75 —1.39 


It is seen that the method of using full panel loads gives 
larger shears than by the strict method explained above. The 
differences increase from zero at the ends to their largest value 
at the middle, and are exactly the same for the negative as for 
the positive shears. Inasmuch as-the errors of the former 
method are comparatively small and are on the safe side, the 
strict method of a continuous and uniformly distributed live 
load is rarely employed in this country and will accordingly not 
be used in subsequent articles. 


It should be noticed that the value of + deduced in this article 
shows that the live load in the panel cut by the section is —-th 


of the total live load on the truss; for the total live load is 
Wit 


nwp + —"_ up, which equals ; wp, or m times the load on 


mt — I 
the panel. Attention is called to this for the purpose of later 
comparisons with other loadings. 

Prob. 32. Compute the true negative shears in the diagonals 1 to 5. 
of Fig. 31, and compare their values with those obtained by the usual 
method. 


ArT. 33. LOADING FOR GREATEST CuHoRD STRESSES. 


The stresses in the chord members vary continually as the 
liye load crosses the bridge. It is therefore necessary to ascer- - 
tain what position of the live load gives the largest possible 
stress in any given member. This is stated in the following — 


important theorem: 
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The largest stress in any chord member due to a uni- 
form live load occurs when the live load covers the entire 
bridge. 


To prove this let Fig. 33 be a truss whose span is / and depth 
d, and let a section be passed through an upper chord member 
as shown, its center of moments ¢ being at a distance & from 
the left support. Now let a live panel load be placed upon the 
vee right of the section, producing 
7) ey R 7 the reaction R at the left sup- 
JRA INAS port. The stress in the chord 
ee ee "cut by the section is S= —R&/d, 
which increases with R. ButR 
increases with the number of panel loads on the right of the 
section, hence S also increases with their number. Again, let a 
panel load be placed on the left of the section, producing the 
reaction AX’ at the right support. The chord stress due to this 
load is S= —R'(/—-£)/d, and this also increases with 2’, or 
with the number of loads on the left of the section. Since both 
values of.S have the same sign, every load whether on the right 
or left of the section increases this chord stress. ‘The same 
equations but with the opposite sign may be obtained for. the 
stress in any lower chord member; therefore the largest chord 
stress in any member occurs when every panel point is loaded, 
or when the live load covers the whole bridge. 


Fig. 33. 


The chord stresses due to live load are hence computed in 
exactly the same manner as those due to dead load, the panel 
loads being placed at those panel points which support the 
floor. While the method of moments is applicable in all cases, 
it is more convenient to use the method of chord increments 
when the chords of the truss are horizontal. 


For example, let the chord stresses be found for the truss 
in Fig. 33 and which is the one for which the web stresses 
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due to live load were found in Art. 31. Here tan@ is 0.616, 
and the results expressed in kips are given in the following 
table: 


D1aconats. SHEARS. INCREMENTS. STRESSES. CuorpDs. 


56.25 34-65 34-7 
43-75 26.95 61.6 


Sr25 19.25 80.9 
18.75 11.55 92.4 
6.25 3-85 96.3 


The stress in chord member 12 may be checked by moments, 
using the panel length / and the depth a. Since the reaction 
equals 4.5 panel loads, the equation of moments is 


+45 12.5 X 5f—12.5(44+3+2+1)fP— Spd =0 
whence 
Sip = 156.25 p/d = 156.25 x 0.616 = + 96.3 kips 


‘This equation shows that the sum of the shears in the pre- 
ceding table must be 156.25 kips.. This form of the moment 
equation is more convenient than to use directly the numerical 
values of the lever arms of the reactions and loads, especially 
when they are so given that several decimal places must be used 
to express the inches in terms of feet. 


The student’s attention is particularly directed to the fact 
that the shears inserted in this table are not the greatest shears 
obtained in Art. 31, since those shears, with the exception of 
the first one, were not obtained for a load at every panel point 
of the truss. Moreover, chord increments derived from the 
greatest shears cannot be added together, since they represent 
loadings that are not simultaneous. 

Prob. 33. Compute the chord stresses due to live load for the truss 
in Prob, 31 4. 
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Art. 34. THE WARREN TRUSS. 


The truss in Fig. 34@ is that of the central span of an over: 
head highway bridge crossing a four-track railroad, the spap 
being 62 feet 7 inches long and the clear roadway 17 feet wide. 
The riveted pony trusses have five panels and their depth is 
6 feet 8 inches. The specified live load is 100 pounds per 
square foot, making the panel load 10.7 kips per truss. The 

weight of the bridge is 850 pounds 


per linear foot and the panel load 
VRE GUE 5.35 kips per truss. Since less than 
i ap Be & one-eighth of this weight is actually 


concentrated at the upper panel points, 
the entire panel load will be assumed as applied at the lower 
panel points of the truss. The dead load stresses are given in 
the following table: 


DrAGona_s. STRESSES. SHEARS, INCREMENTS. STRESSES. Cuorps. 


Sly 10.7 10.10 TO ac 
+ 14.7 10.7 10.10 — 20.2 BD 


— 7-4 5:35 5.05 + 25.3 ce 
P74 5-35 - 5.05 — 30.3 DE. 
fo) Oo fe) + 30.3 eg 


For the greatest positive shear in cD the live panel loads are 
placed on the right of the section passing through cD and both 
chords (Art. 31), the value of the shear being (10.7/5)(1 + 2+ 3) 
= + 12.84 and the stress —17.7 kips. For the greatest nega- 
tive shear the panel load is placed on the left of the section, the 
shear being (10.7/5)(1) = — 2.14 and the stress + 2.9 kips. The 
corresponding shears in De are equal to those in cD, while . 
the stresses are + 17.7 and — 2.9 kips. The live load stresses 
tn the other diagonals are found in, a similar manner and the 
results entered in the following table: 
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Dead load 
Live load on right 


Live load on left 


Maximum 
Minimum — 14.7 | +14.7 


It will be observed that the diagonals e# and Fe in this truss 
must be designed so as to take both tension and compression, 
while the rest of the members are subject to only one kind of 
stress. As the span increases, the number of web members that 
must be designed for alternate stresses likewise increases. 


Since the dead panel loads are all applied at the same panel 
points as the live panel loads, and the method of loading is also 
the same, the live load stresses for the chord members may be 
obtained directly from those due to dead load by multiplying 
them by the ratio of the corresponding panel loads, which is 
equal to two in this case. Accordingly the maximum chord 
stresses are three times the values given in the first table of 
this article, while the minimum chord stresses are those due to 
dead load only. 


Fig. 344 shows the skeleton diagram of a Warren truss with 
subdivided panels, which bears the same relation to the plain 


ADNAN AD 


Fig. 34 4. 


Warren as the Baltimore does to the Pratt truss. The stresses 
in this type of truss are found by exactly the same methods as 
those described in Art. 26 for the Baltimore truss, and when the 
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number of panels is reduced to eight the forms of both types 
become identical. 


The live loading for the greatest stresses in the main diag- 
onals is practically the same as for the plain Warren truss, 
although each half of the long diagonals requires its .own 
loading in accordance with the rule given in Art.31. For 
instance, the greatest positive shear in Ca’ occurs with live 
‘panel loads at @ to m inclusive, while that in d’e is due to the 
loads from e to m inclusive. Similarly their greatest negative 
shears are due respectively to the live loads at 6 to ¢, and at 
6 to d inclusive. The greatest stresses in any sub-vertical and 
the adjacent sub-diagonal occur under the live panel load at the 
foot of the sub-vertical. The greatest stress in the long sus- 
pender Cc is due to the panel loads at 6,¢ and d. The greatest 
chord stresses occur under full live load. 


The longest Warren trusses with subdivided panels are those 
of the Ohio Falls bridge on the Pennsylvania Lines at Louisville, 
completed in 1870. The longer channel span is 3982 feet, 
center to center of end pins, as remeasured in 1900, while the 
other one is about 368 feet long. See Transactions American 
Society of Civil Engineers, Vol. 21, Plate XVIII, July, 1889. 
Although it is a through bridge, the sub-diagonals are all tension 
members except the one at each end, as indicated in Fig. 74. 
The form in Fig. 344 is frequently adopted for short span 
riveted bridges with solid floors for both railroad and highway 
traffic. Fig. 34¢ shows a through span of about 110 feet, but 
with an open floor. The through span of 136 feet 8 inches in 
the Louisiana Street viaduct in Buffalo, erected in 1903, is a 
good example of this truss in a highway bridge with solid 
floor. 


Prob. 34@. The pony Warren truss of a highway bridge crossing a © 
canal has 6 panels, a span of 83 feet 3 inches, and a depth of 9 feet 
6 inches. The dead panel load per truss is 11.24 kips, and thé live 
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panel load is 20.25 kips. -Campute the maximum and minimum stresses 
in the web members. © 

Prob, 34 é. The Warren truss of a through highway bridge has 
8 panels,.each 12 feet 112 inches long and 15 feet 9 inches deep. The 


: dead panel loads at the upper and lower panel points are 2.30 and 


6.14 kips respectively, while the live panel load is 22.7 kips. Compute 
the maximum and minimum stresses due to these loads. 


ArT. 35. THE. Howe Truss wiTH COUNTERS. 


A rectangular panel of any truss is said to be counterbraced 
when a diagonal is placed therein which crosses the main diag- 
onal for the purpose of taking the negative shear due to the 
combined live and dead loads. The “main” diagonals are those 
which resist the dead load stresses when there is no live load 
on the bridge, and, as noticed in Art. 21, the shear due to dead 
load is always positive in the left half of a simple truss. The 
others are called “counter” diagonals or simply “counters.” 
In the Howe truss the main diagonals slope upward toward 
the middle of the span, in order to resist the positive shears. 


In the preceding article it was stated that some of the diagonals 
toward the middle of the Warren truss have to be designed to 
act both as struts and as ties. In the Howe truss a different 
construction is adopted, the diagonals being arranged so that 
they can take only compression. This is done by giving them 
merely a square bearing against angle blocks attached to the 
chords at the panel points. Another set of diagonal struts is 
therefore inserted in those panels where the shear may become 
negative under any joading which 
the truss is expected to sustain. 
Although not theoretically re- 
quired in the end panels it is cus- 
tomary to use counters throughout 
the truss in order to reduce its vibration under traffic. In 
Fig. 35 @ the counters are indicated by broken lines. 
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Since the compression of one diagonal of a rectangular panel 
Causes the panel points at the ends of the other diagonal to 
Separate, it is clear that both diagonals cannot be stressed at the 
Same instant under the action of the dead and live loads only, 


In order to determine the required number of counter struts 
and the range of stress in the web members caused by the live 
load, let the truss in Fig. 35 be taken, having 13 panels, each 
I1 feet 1 inch long and 24 feet 34 inches deep. The bridge 
is a single-track through railroad bridge, its dead load being 
1850 pounds per linear 
foot. Let a live load of 
4000 pounds per linear 
foot be assumed. Taking 
one-third of the dead load 
at the upper panel points, 
the dead panel loads are 
3.40 and 6.84 kips and the live panel load 22.17 kips. The 
following table gives all the separate stresses expressed in 
kips that need to be computed: 


Fig. 35 4. 


we: OE gota sera Live Loap STRESS IN Wes Deap Loap 

Die poe For 4. SHEAR, DIAGONAL. MEMBER. STRESS, 
12 78 133.0 1406.2 I = 67.5 
II 66 112.6 123.7 2 + 58.0 
1X0) 55 93.8 103.1 3 — 56.3 
9 45 76.7 84.4 4 + 47.8 

8 36 61.4 67.5 5 — 45.0 

y] 28 47.8 52.8 6 + 37.6 

6 21 35:8 39-4 7 — 33.8 

5 15 25.6 28.1 8 + 27.3 

4 10 17.0 18.7 9 — 22.5 

3 6 10.2 Tr-2 10 + 17.1 

2 eB 5.1 5-6 II — 11.3 

I I 0.7, 1.9 12 + 6.8 


oO 
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Each multiplier in the second column is the sum of the series 
of numerals from I up to and including the number in the same 
line of the first column, as explained in Art. 31. The signs are 
not entered in the fourth column, but some are determined below. 


Referring to Fig. 35 4, let it be required to find the maximum 
and minimum stresses in diagonal 7. Passing a vertical section 
through this diagonal, nine panel points will be loaded when 
the live load is placed on the right of the section and three 
panel points when the load is on the left. The corresponding 
live load stresses are given by the table as — 84.4 and + 11.2 
kips, remembering that the shear for the latter loading is nega- 
tive. The maximum stress is — 84.4 —33.8 = — 118.2 kips, and 
the minimum + 11.2 — 33.8 = — 22.6 kips. . In a similar manner 
the min. Sy = + 18.7 — 22.5 = — 3.8 kips. Therefore no counter 
is required in either of these panels, nor to the left of them. 
In finding min. S,, the value of + 28.1 —11.3=+ 16.8 kips is 
obtained, but since the main diagonal cannot take tension the 
counter will act, and its maximum stress will therefore be 
S'4,=—16.8 kips. The minimum stress in both main and 
counter strut is zero, for each one ceases to act when its com- 
pression is reduced to zero. Max. Sj3=max. S'13= — 39.4 kips, 
and min. S,,= min. S',,=0. 

In finding the stresses in the verticals it is very important to 
notice that the sections must be so passed as not to cut any 
diagonal that may be called into action by the live load as placed. 
For the vertical 6 the section must always be passed between 
the main diagonals 5 and 7, since no-counters are required in 
these adjacent panels; accordingly, max. S,=+93.8+ 37.6= 
+ 131.4 kips, and min. S,=—5.1+37.6=+32.5 kips. But 
for the vertical 12 the conditions are different, as counters are 
needed on each side of it. It is possible to pass a section in 
three different ways: First, when the main struts 11 and 13 act 
as indicated in the diagram; second, when the counters 11 and 
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13’ act; and third, when the main 11 and the counter 13° act; 
The counter 11’ and main 13 cannot act simultaneously. For 
the maximum stress Sj. the live load must be placed on the 
right, and then the adjacent main struts act; hence the section 
is passed as in Fig. 35¢, the number of loaded panels is seven, 
and max. S},= + 47.8+6.8=-+ 54.6 kips. If the load be next 
placed on the left of the same section, five panel points being 
Inaded, both of the adjacent counters r1! and 13! are found to 


&/ 7 
6 i! 
Fig. 35 ¢ 


act, showing that the section then needs to be placed between 
them as in Fig. 35d. This changes the loading by adding another 
panel load, and since this load is on the right of counter 11’ it is 
necessary to see whether it still acts under the new loading. 
This is most conveniently done by finding merely the sign of the 
shear inthe panel. The live load shear in counter 13’ is — 35.8 
kips for six panel loads on the left, while for that in 11’ one 
panel load must be added, giving —35.8 + 22.2 =—13.6 kips. 
The dead load shear is +(3.4+6.8)=+ 10.2 kips, and hence 
the total shear is negative, which maintains the counter in action. 
The stress in the vertical in Fig. 35 d may now be found, and is 
Sip = + 35.8 — 3-4= + 32.4 kips. The dead load stress in this 
case differs from that given in the table, since the section is not 
parallel to the main diagonals. Again, if the live load be moved 
toward the left, reducing the number of panel loads, counter 11' 
will cease to act before counter 13’, then the section can be 
passed as in Fig. 35 ¢, giving S,,=+6.8 kips, which is the 
minimum stress. Min. Sj)= + 6.8 and min. S, = — 10.2 + 27.3 
= +17.1 kips. 
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If, in the case of a vertical like 10, which has a counter only 
on its right, it should be found that the live load must cover the 
panel point directly below the vertical as well as all the others 
on the left in order to keep the counter acting, then the section 
passed like that in Fig. 35 ¢ will give a tension equa! to the sum 
of the live panel load and the lower dead panel load. In that 
case the minimum stress is obtained by passing the section as in 
Fig. 35 ¢ and loading on the left of it. 


When a vertical is located exactly at the middle of a span, it 
must be remembered that the main diagonals adjacent to it are 
not parallel, and hence the section must be passed in a different 
manner. It becomes necessary therefore to investigate whether 
the maximum stress may not occur under full live load, and thus 
be equal to the sum of the dead and live panel loads. 


The preceding investigation shows that the minimum stress is 
‘not caused by the greatest negative shear in those verticals which 
are adjacent to a counter brace. The stresses in the chords are 
the same as if there were no counters. The specification which 
is frequently made in regard to counterbracing so as to permit an 
occasional load of considerably greater magnitude to pass over 
the bridge in safety, is considered in the next article. 


Since the stresses in all the verticals of a Howe truss are ten- 
sion, these members are made of iron or steel while the rest of 
the members are made of wood. The angle blocks and a few 
other details are cast iron. 


Prob. 35 a. Find the maximum and minimum stresses in the verticals 
6, 8, 10 and 12 of Fig. 35 4, provided the truss be treated as a deck 
instead of a through truss. 

Prob. 35 4. Compute the web stresses in the Howe truss of a single- 
track deck railroad bridge, having 10 panels, each 10 feet 43 inches long 
and 18 feet 10 inches deep. The upper and lower dead panel loads per 


truss are 4.7 and 2.3 kips, and the live panel load is 20.8 kips. Sec is 
= 342. 
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ArT. 36. THE Pratr Truss with CounTERS. 


In the Pratt truss with counters the diagonals are usually 
constructed to take only tension, being made of comparatively 
thin bars which yield laterally under a slight compression. The 
main diagonals must therefore slope downward toward the mid- 
dle of the truss to resist the positive shear due to the dead load. 
As the counters take only tension, they are also called counter 
ties. This form of truss with its pin connections has been 
more extensively used in this country than any other and very 
probably more than all others combined. Before the decade 
1890-1900, counter ties were used in railroad bridge spans even 
less than 80 feet long and in highway bridge spans of less than 
6o feet; since 1900 counters have been little used for such short 
spans. (See Art. 24.) 


To study the effect of counterbracing upon some of the web 
members, of the Pratt truss, let, Fig. 36 represent a double- 
track deck railroad bridge of 13 panels, the span being 231 feet 


Fig. 36. 


and { inch and the depth 24 feet. The depth of truss is con- 
siderably smaller than considerations of economy and stiffness 
ordinarily require, but it was chosen to accommodate the new 
structure to old masonry. The dead panel load per truss is 21.7 
at the upper and 12.7 kips at the lower panel points. The live 
load assumed is 5000 pounds per linear foot of track, giving a 
panel load of 88.85 kips. The shears and stresses due to the 
live and dead loads are given separately in the following table 
expressed in kips: ~ 
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MULTIPLIER Ae eno GrREsoah Wes Deap Loap 


SHEAR. D1aGonaL. MEMBER. STRESS. 


— 256.8 
+ 214.0 
— 159.3 
+ 171.2 
— 124.9 
$128.4 
. — 90.5 


533-1 663.3 
451.1 561.3 
375-9 46738 
307.6 382.7 


246.0 306.2 
191.4 238.1 
143-5 178.6 
102.5 127.6 + 35.6 
638.3 85.0 — 56.1 
41.0 51.0 + 42.8 
20.5% 25.5 — 21.7 
6.8 8.5 oO 


on an bW & 


6 
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The vertical o over the support carries only a half panel load, 
and hence its maximum stress is $(88.85 + 21.7) = — 55.3 kips, 
and its minimum stress is —10.9 kips. Its load is transmitted 
directly to the support and hence does not affect the truss. 
The suspender 2 supports only the lower dead panel load of 
12.7 kips. 

By the methods explained in the preceding article the follow- 
ing stresses are obtained: 


Maximum | + 391.8| + 280.9} + 84.8 | + 178.6| — 398.1 | — 302.1] — 213.1 
Minimum + 0.6 fo) fe) fe) — 49.5) —21.7| —21.7 


| To insure the stability of bridges under increased live loads, 
the best specifications state that counters must be provided 
wherever required by a live load 100 percent greater than that 
otherwise specified. If in any bridge no provision be made for 
such an increase of live load it will not be safe to transport any 
materially heavier load over it, although every member in the 
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structure has ample strength for such an occasional load. At 
the time of the Columbian Exposition in Chicago it was found 
necessary to shore up a number of old bridge trusses for this 
reason, in order to transport an unusually heavy car loaded with 
a Krupp.gun. See Engineering News, Vol. 29, page 368, April 
20, 1893. 

Increasing the live load 100 percent requires the insertion 
of counter tie 9’ in the above example. In fact, only a slight 
increase is necessary to reduce minimum S, to zero. The mini- 
mum stress in the adjacent vertical 8 becomes the same as for 
10 and 12, or — 21.7 kips, since with three panel points loaded 
on the left the diagonals 7 and 9’ are acting. 

Sometimes the diagonals in the counterbraced panels are 
made of shapes so as to resist both tension and compression 
(see Fig. 18 az), but for the approximate determination of stresses 
they are still regarded as tensile members except in the middle 
panel, where each member is assumed to take the entire shear, 
either in tension or compression. In riveted bridges the counters 
are generally omitted except in the middle panel of trusses hav- 
ing an odd number of panels, where two diagonals are inserted 
for the sake of symmetry. as 

Prob. 36 a. With the aid of the table in this article find how many 
panel points from the left end of the span must be loaded until the 
counter 11! ceases to act. 

Prob. 36 4. Compute the maximum and minimum stresses in the 
verticals 6, 8, 10 and 12 of Fig. 36, provided the truss be treated as a 
through instead of a deck truss. 


ArT. 37. THE BALTIMORE TRUSS. 


Like the Pratt truss from which it was derived the Baltimore 
truss is usually built with counter ties except for the short spans 
where the trusses are riveted. Fig. 29 ¢ shows a through truss 
in which the short diagonal struts are continued throughout the 
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span. Sometimes, however, the short as well as the long diag: 
onals are made tension members in the counterbraced panels, 
so that the truss forms a combination of the two types shown in 
Fig. 26 a, one type in the middle and the other at the ends. 


For an example showing the effect of counterbracing upon 


its web stresses let the truss in Fig. 37.a@ be taken. It is a deck 
truss of 12 panels, each 24 feet 11 inches long and 50 feet deep. 


Center 
6 


Fig. 37 2. 


The upper and lower dead panel loads are 22.4 and 11.2 kips 
respectively, while the live panel load is 61.4 kips. Sec@ is 1.412. 
The dead load web-stresses are given in Fig.374. The follow- 
ing table is prepared like those in the two preceding articles: 


No. of loaded panel points II fe) 9 7 
Multiplier for 61.4/12 66 55 45 36 28 
Live load shear 33757 1| a2Ol- 4a 2 30.3 Odeo a eT Agha 
Shear x sec 476.3. | 397:3.| 325:1. | 2601), 202.3 


No. loaded pan. points 6 5 4 3 2 I 
Multiplier for 61.4/12 21 15 fe) 6 3 I 


Live load shear 107.5 Yh) | AGiunce 3007 15.4 Ben 
Shear x secO E5I.7 S|, 108-4, | 172.211) AB 3) | one TE 


The greatest live load stress in the short diagonal @’Z is 
3(61.4) sec? = + 43.3 kips; the maximum stress is 43.3 + 23.7 
=+67.0 kips; and the minimum equals the dead load stress, 
+ 23.7 kips. For the greatest stress in ae the live load covers 
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panel point 9 as well as panel points 8 to 1 on the right of the 
section, since the difference between 230.3 and 184.2 kips in the 
table exceeds the half panel live load carried by @'Z across the 
section. By the first method of Art. 26, the live load stress is 
found to be + 281.8 kips, and the maximum stress is + 281.8 
+ 142.3 = + 424.1 kips. In a similar manner the stress in 


Fig. 374. 
a'e due to panel loads 1 and 2 on the left is found to be — 21.7 
kips. The minimum stress is therefore — 21.7 + 142.3 = + 
120.6 kips. The minimum stress in /'g, however, is zero be- 
cause the counter tie /"¢ is needed. 

To find the greatest stress in f’e four panel points are loaded 
on the left, giving a live load stress of + 72.2 kips. When 
there is no live load on the truss there is no dead load stress 
in this counter as the main tie /’g is acting, but when the 
counter is called into action by the live load, /’g ceases to act, 
and then /'e receives also a stress due 224 224 224 
to dead load. Referring to Fig. 37¢, 
passing a vertical section cutting if es 


and placing equal to zero the sum of RS 

the vertical components for the part S 

of the truss on the left of the section, 5 
there is obtained the general equation 

e! 

ie ff Be eee fo) 12 1.2 112 


secO secO Fig. 37¢ 
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in which Zf’ and /’e represent the stresses in these mem- 
bers. As the center of the span is at G, the vertical shear 
V=14(22.4+11.2)=+50.4kips. The dead load stress in Ef! 
is now + 23.7 instead of + 71.1 kips as in Fig. 37 J, its vertical 
component being one-half the load carried to f’ by the sub-ver- 
ticals. Substituting these values, 


+50.4—4(22.4+ 11.2)+/'e/secd =0 


whence /’e=— 47.4 kips. Accordingly, the maximum stress 
in f'e is +72.2—47.4=+ 24.8 kips, and if the live load be 
doubled it becomes + 97.0 kips. 


In finding the greatest live load stress in f’G it is necessary 
to determine whether the counter /’e acts or not. Assuming - 
that it does, the live load covers five panel points on the left 
of the section. According to the table the shear in the right 
panel of Fig. 37¢ is — 76.8, and hence in the left panel it is 
— 76.8+61.4=—15.4. Substituting this value in the general 
equation above, and remembering that there is a live panel 
load at /, the live load stress is found to be +65.1 kips. 
The maximum stress is +65.1 —47.4= ae 17.7 \kips,) and 
hence the counter f’e will act. As the panel point G is at 
the center of the span, the dead load stress in /’G of Fig. 37:¢ 
is $(22.4+ 11.2) 1.412=— 23.7 kips, the maximum stress is 
+ 108.4 — 23.7 = + 84.7 kips, and the minimum stress is that 
due to dead load only. 


The maximum stress in Ee is — 199.6 — 89.6 = — 289.2 kips, 
the live load covering nine panel points as for the diagonal de. 
For the live panel loads 1, 2, and 3 the stress in Ze is zero, but for 
the loads 1 and 2 only the stress is + 15.4 kips.. The minimum 
stress is therefore + 15.4 —89.6 = — 74.2 kips. When the 
counter /"e acts, the section through Ze must be cut around the 
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panel point Z. With the live panel loads 1 to § on the truss 
the vertical component of the combined dead and live load 
Stress in d'E as well as in Ef is $(61.4 + 22.44 Ti.2) = 47.5 
kips. The total stress in Ze is — 47.5 —(61.4+ 22.4)—47.5= 
— 178.8 kips, which is less than the maximum value given 
above. 


For Gg, however, this method of passing the section gives thc 
maximum stress, since the main diagonals on each side of it act 
for every loading that includes the panel points 7, G and rv, 
The stress is — 47.5 —(61.4 + 22.4) — 47.5:=— 178.8 kips. The 
minimum stress occurs when the panel points F, G and A are 
unloaded and there is a symmetrical load on the rest of the 
span. The main diagonals fg and gh’! act under any symmet- 
rical loading, and hence the stress is — 56.0 kips, or the same 
as for dead load only. 


The chord stresses due to the live load are computed in the 
same manner as for the dead load, every panel point on the 
upper chord being loaded. 


Prob. 37. @. Compute the greatest stress in Gg of Fig. 37 a, due to 
bath dead and live loads, provided the counter tie Je be acting. 

Prob. 374. Find the live load stresses in ad', 2'C, Ca' and Ef' of 
F'g. 37 4. 

Prob. 37 ¢. ‘The Baltimore trusses of a double-deck bridge have the 
same form and number of panels as indicated in the upper diagram of 
Fig. 26 a, but with the sub-verticals extended to give intermediate sup- 
port to the upper chords. Their span is 380 feet, and their depth 50 
feet. The highway floor is supported at points about midway between 
the upper and lower panel points, while the lower panel points support 
the railroad floor. The dead panel load per truss is 57 kips, of which 
20, 6 and 31 kips are applied at the upper, intermediate and lower 
panel points respectively. The live panel load for the highway is 9.5 
kips per truss and that for the railroad is 54.34 kips. Compute the 
dead and live load stresses in the members of the sixth and seventh 
panels of the truss. 
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ArT. 38. Excess PaneL Loaps. 


Occasionally it is specified that the live load shall consist of a 
uniformly distributed load, together with a concentrated load so 
placed as to produce the greatest effect in every case. The 
excess load may be regarded as representing approximately the 
difference in weight between a locomotive and that of the uni- 
form load for the same length. It is sometimes assumed as 
equal to the uniform load over a distance of ten feet. 


To compute the maximum stresses in a truss under such loads 
it is preferable to find the largest stresses due to the concen- 
trated load alone, and to add them to the stresses previously 
computed for the dead and train panel loads according to the 
methods given in the preceding articles. It is therefore neces- 
sary to inquire where the concentrated load P should be placed 
to produce the largest shear and moment at any section. 


The largest positive shear at any section caused by a single 
load P will be caused when that load is on the right of the sec- 
tion and as near to it as possible; for the nearer the load is to 
the section, the greater the left reaction R, and hence also the 
shear V, which equals R. Similarly, for the greatest negative 
shear P should be placed on the left of the section and as-near 
to it as possible, for the negative shear equals the right reaction 
R!'. The excess load P should then be placed at the panel point 
nearest to the section and on the same side as the train panel 
loads to give the largest stresses in the web members. 


The largest bending moment, and hence the largest stress for 
any chord member, will be caused by P when placed at the 
center of moments. For if P be on the right of that center of 
moments, the chord stress is R4/d, where # is the lever arm of 
the left reaction R, and d is the lever arm of the chord stress; 
but & will be the greatest when the load is at the section 
through the center of moments (Art. 33). In case the section 


ART. 38, EXCESS PANEL LOADS. 115 


‘through the center of moments passes between two panel points 
which support the floor of the bridge, then P should be placed 
‘on the nearest panel point toward the middle of the span. 


For example, let the live load for the truss in Art. 36 also 
‘include one excess load of 50 kips. For the panel containing 
‘diagonal 9 the greatest positive shear is 8 x 50/13 = 30.8 kips, 
and the greatest negative shear 4 x 50/13 =15.4 kips, the cor- 
responding stresses being S,=+ 38.3 and S,=— 19.1 kips. 
‘Combining these with the other stresses found in Art. 36, the 
Maximum stress is Sy=+ 85.6 + 306.2 + 38.3 =+ 430.1 kips. 
‘The addition of the excess load brings the counter into action, 
and its maximum stress is S’j= — 85.6+85.0+19.1=+18.5 
kips, and when the live load is increased 100 percent, S’,= 
+ 122.6. Under the increased live load a counter would also be 
required in the next panel, its maximum stress being — 128.4+ 
2(51.0+ 14.4)=+ 2.4 kips. 


For the stress in the chord member directly below diagonal 9, 
the center of moments is at the left or upper end of the diagonal 
named. The shear in each of the four diagonals on the left of 
the chord member is (9/13)50, and each chord increment is 
(9/13)50 tan@, while the chord stress is the sum of the four 
equal increments or 102.5 kips, tan? being 0.7405. This stress 
when added to those for the full dead and train panel loads 
gives the maximum stress. 


In the case of the middle panel of the upper chord when the 
excess load is placed at the panel point on the left of the center, 
the counter 13’ comes into action, since there is no shear in 
the middle panel due to the train and dead loads; accordingly, the 
center of moments is directly below the excess load, and the 
rule governing its position is satisfied. But for the lower chord 
member of the middle panel the center of moments is one panel 
farther to the right for the same position of the excess load, and 
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when the load is changed to that point, the center of moments 
moves one panel to the left. This is then as close to the center 
of moments as the excess load can be brought, and either 
position gives the same result. 


When two excess loads one or more panel lengths apart are 
specified, which is but rarely done, their position may be deter- 
mined by the same method as for axle loads which is explained 
in Arts. 43 and 45. Various methods of determining the values 
of the excess loads for railroad bridges are given in Art. 48. 


Prob. 38. Determine the number of additional counters required in 
the truss used as an example in Art. 35, provided that one excess load 
of 40 000 pounds be added to the live load specified for the bridge. 
Compute their maximum stresses. 


ArT. 39. AxLE Loaps For HiGHwAy BRIDGES. 


For highway bridges carrying electric railways the Specifica- 
tions adopted by the Massachusetts Railroad Commission give 
two sets of axle loads: One for a double-truck car weighing 30 
tons when loaded, with a total wheel base of 17 feet and a wheel 
base for each truck of 4 feet; and the other for a double-truck 
car weighing 40 tons when loaded, the corresponding wheel 
bases being 25 and 5 feet. It is assumed that the load is 
equally distributed on each of the axles of the car. See also 
Art. 30. 


The Specifications of the Osborn Engineering Company give 
four sets of axle loads for electric railways: First, two four- 
wheeled motor cars on each truck, weighing 30000 pounds 
each. The two axles of each car are 7: feet apart, and the 
nearer axles of the two cars are 20 feet apart. Second, a train 
of eight-wheeled electric motor cars weighing 50000 pounds 
each. The spaces between the four axles of each car are 6, 16 
and 6 fect respectively, and that between the nearest axles of 
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two adjacent cars is 12 feet. Third, a train of eight-wheeled 
electric motor cars weighing 80 000 pounds each, the axles being 
spaced as in the preceding case. Fourth, a train of coal cars 
of 60000 pounds capacity, making the loaded weight for each 
car 92000 pounds. The four axles of each car are spaced 5, 
19 and 5 feet respectively, while the nearest axles of two adja- 
cent cars are 8 feet apart. 


The axle loads mentioned in Cooper’s Specifications as well 
as those of the American Bridge Company are not intended for 
the trusses, but only for the floor system and its supports. 
These supports, however, include the sub-verticals or suspenders 
of the trusses. One has a load of 24 tons on two axles 10 feet 
apart, and the other 18 tons on two axles 10 feet apart, the for- 
mer being required for bridges of classes A, B and Ej, and the 
satter for classes C and E,, as described in Art. 30. 


The first class of WapDDELL’s loading for each electric car 
track is a load of 24 000 pounds on two axles 7 feet apart. In 
the second and third classes the loads are 32000 and 40000 
pounds respectively on the same number and spacing of axles. 
In. the fourth class a motor car weighing when loaded 60000 
pounds is followed by a trailer weighing 40000 pounds; each 
car has four axles spaced 5, 20 and 5 feet respectively, while 
the nearest axles of the motor car and trailer are 10 feet apart. 


WADDELL also gives three sets of concentrated loads for his 
classes A, B and C of highway bridges, and which are sup- 
posed to occupy a whole panel length of the main roadway 
exclusive of the street car tracks. Like the axle loads specified 
by Cooper they are intended only for the sub-verticals of the 
trusses besides the floor system. The first is a steam road 
roller with 12000 and 18 000 pounds on the two axles, 11 feet 
apart. The front roller is 4 feet wide, and each of the two rear 
wheels is 20 inches wide, their central planes being 5 feet apart. 
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The second is a concentrated load of 16000 pounds equally 
divided between two pairs of wheels 6 feet apart. The third is 
a load of 10000 pounds distributed in the same manner as’ the 
second one. 


Similar loads are given in other Specifications, including road 
rollers, traction engines, and heavily loaded wagons. The 
heaviest steam road roller specified has loads of 15 000 and 
20 000 pounds on the two axles, the spacing being the same as 
that given above. The uniform loads on the roadway and side- 
walks are given in Art. 30, while some axle loads for bridges 
intended for electric railways exclusively are given in th2 next 
article. 

Prob. 39. Prepare diagrams similar to Fig. 40@ for the axle loads 


given above, laying off all distances to the same scale and placing the 
diagrams below each other on the same sheet for convenient comparison. 


ART. 40. AXLE LOADS FOR RAILROAD BRIDGES. 


-As indicated in Art. 30, it is customary for the bridge engineer 
of the railroad company to specify two typical consolidation 
locomotives, with given axle loads and spacing, followed by a 
uniform train load. While most of the loadings in use differ 
from one another in the spacing and relative magnitude. of the 
axle loads as well as the uniform load, commendable progress 
has been made toward the adoption of a simple standard system. 
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Coorer’s standard train loading, class E50, is shown in Fig. 
40a. The spacing is the same for all classes, and the loads on 
the axles, expressed in pounds, are arranged so that the corre- 
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sponding loads of any two classes have the same ratio as their 
class numbers. For example, the loads of class E 40 are four- 
fifths of those of class E 50. Any stresses, moments, or shears 
due to these loadings are therefore also proportional to their 
class numbers. Alternative loads on two axles six feet apart 
are given to represent the heavier drivers of passenger loco- 
motives, and are to be used when they cause greater stresses 
than the loads on the driver axles of the typical consolidation 
locomotive. This will occur in beam bridges of very short span 
and in the floor system and sub-verticals of truss bridges whose 
panels are unusually short. The alternative loads are 50000 
pounds on each of the two axles for class E 40 or less, and 
60 000 pounds each for all classes above E 40. 


This simplified system of standard loadings is adopted in the 
Specifications of the Osborn Engineering Company, the Ameri- 
can Bridge Company, and by a number of railroad companies. 
For remarks on the progress of this movement, see an editorial 
on Standard Loadings for Railroad Bridges, Railroad Gazette, 
Vol. 34, page 366, May 16, 1902. 


WADDELL’s standard, class Q, is shown in Fig. 404. The 
ether classes are designated as R, S, T, etc., the spacing re- 
maining the same. The axle loads for each class are derived 


Si S$} 
Ri St 4800 lbs. 
vr 2 perlin ft. 


from those of the preceding class by subtracting the constant 
difference of 1000 pounds for the pilot axle and each tender 
axle, 3000 pounds for each driving axle, and 200 pounds for the 
uniform load per linear foot. The alternative loads for class Q 
are 58000 pounds each on two axles only, seven feet apart, and 
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2000 pounds are subtracted from each load for each succeeding 
class. 

Tables comparing the weights of recent heavy passenger and 
freight locomotives are given in the appendix to CoopER’s 
Specifications, in the Railroad Gazette, Vol. 35, page 428, 
June 19, 1903, and in Engineering .News, Vol. 51, page 605, 
June 30, 1904. 

Valuable information and discussions relating to actual and 
proposed specified axle loadings for railroad bridges are given 
in the following articles : 


Comparison of Modern Engine Loading with Standard Speci- 
fications for Spans from 10 to 200 Feet. By C. D. Purpon. 
With discussions. Transactions American Society of Civil 
Engineers, Vol. 29, page 426, August, 1893; with discussion in 
Vol. 30, page 515, December, 1893. 


Train Loadings for Bridges. By THEODORE COOPER. With 
discussions. Transactions American Society of Civil Engineers, 
Vol. 31, page 174, February, 1894. ; 


Specified Loadings for Railroad Bridges. By Warp BALD- 
win. Railroad Gazette, Vol. 34, page 317, May 2, 1902. 


Loadings for Railroad Bridges. An informal discussion. 
Transactions American Society of Civil Engineers, Vol. 51, page 
105, December, 1903. 


Axle loads were first specified in this country in 1875 by the 
Cincinnati Southern Railway Company. 


Bridges intended exclusively for electric railways located on 
private rights of way require a loading for their design corre- 
sponding more closely to that for railroad bridges than for high- 
way bridges. The. Specifications of the Osborn Engineering 
Company give four classes of loads ranging from a train of 
loaded coal cars weighing 74 tons each, to a train of 40-ton 
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motor cars (Art. 39). In Davis’s Specifications three classes of 
loads are given with practically the same limits. 

Prob. 40. Refer to the loading of the Cincinnati Southern Railway 
given in Trans. Am. Soc. C. E., Vol. 21, page 24, Fig. 1, and compare 
it with Cooper’s E50, computing the percentage of increase in the 
weight of the locomotives and of the uniform train load respectively. 


ArT. 41. Moment Diacram For Losnina. 


In order to materially lessen the numerical labor of the com- 
putation of stresses due to locomotive and train loading, a 
diagram is first prepared in which the distances are laid off 
to scale and on which are marked a number of distances, loads 
and moments which being once computed may be used subse- 
quently in finding moments and shears for any number of 
trusses with different spans and panel lengths. Many different 
arrangements of these data on diagrams have been devised by 
experienced bridge computers, one of the simplest for the use of 
the student being shown in Fig. 41 a. 


An examination of the dizgram shows that it gives the axle 
loads together with their numbers and spacing; the distance 
from each axle or wheel to the first one; the sum of each load 
and all the preceding loads, and the moment of all preceding 
loads with reference to the axis of each wheel. As the great 
majority of railroad bridges are for a single track only, the loads, 
and hence also the moments, are given for one rail of the track 
so that. the moments, shears and stresses obtained with the 
diagram are for one truss of the bridge. Thus, the distance 
from wheel number 10, or the pilot wheel of the second locomo- 
tive to wheel 1, is 56 feet, the sum of the loads I to 10 inclusive 
is 190 kips, and the moment of all the preceding loads about 
wheel 10 as a center is 5790 kip-feet. 

Each moment is readily derived from the preceding one by 
computing the moment increment. Thus, for the moment about 
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wheel 11 the lever arm of each load from 1 to 10 inclusive is 
mcreased 8 feet, hence the increment is 190 x 8 = 1520 kip-feet, 
which added to 5790 gives 7310 kip-feet. For any point distant 
x beyond the head of the train the general expression for the 
moment of all the preceding loads is 


Pgt+Pet+iwr 


in which P is the resultant of all the concentrated loads, g its 

distance from the head of the train, and w the weight of the 

train per linear unit. The value of Pg is given on the ordinate 

at the head of the train as 20455 kip-feet, while P is given on 

the last horizontal line as 355 kips. Since the uniform load is 
2.5 kips per linear foot, the above expression becomes 


20455 + 3552+1.25 7 


The moments inserted at intervals of 5 feet under the train load 
are primarily intended to be used as a check on the computa- 
tions of moments about the right support, but may be used 
directly when the distance from wheel r is a multiple of 5. 


This diagram is used in connection with a skeleton diagram 
of the truss drawn to the same scale, and by sliding the upper 
edge of the moment diagram along that chord of the truss which 


Fig. 41 4. 


supports the floor, the loads may be brought into any desired 
position for the computation of reactions, bending moments and 
vertical shears. 

To illustrate its use let the truss in Fig. 41 4 be taken, its span 
being 175 feet. The distances marked at the panel points are 
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their distances from the right support. The lower chord of 
the truss diagram, drawn to the same scale as the moment 
diagram, is put directly above it in Fig. 41 a, wheel 11 being 
placed at panel point @ For this position the length of the 
train on the bridge is 


= 100+ 64 — 109= 55 feet 


where 100, 64 and 109 are respectively the distances from % to 
d@ on the truss, and from wheel 11 to wheel 1, and wheel 1 to 
head of train on the moment diagram. The moment of all the 
loads about the right support is 


20 455 +355 X 55 +1.25 X 55%= 43 761 kip-feet 


The left reaction is R=43761/175=250.06 kips and the 
bending moment at d is 


My = 250.06 X 75 — 7310=11 445 kip-feet 


the moment of the panel loads’on the left of d being taken 
directly from the diagram. This. moment of the panel loads 
equals the moment of the axle loads themselves, since in this 
case no panel point to which any of the loads are carried by the 
floor system is on the right of the center of moments. 


When the panels are all equal it saves labor to derive the 
bending moment directly from the moment at the right support. 
Since the lever arms of R about @ and &# are 3 and 7 panel 
lengths respectively, 


M,=+% X 43 761 — 7310= 11 445 kip-feet 
The bending moment at panel point ¢ is 
M. = X 43 761 —(13 520 + 306.25 x 1)=11 180 kip-feet 


the product (306.25 x 1) being the increment of the moments of 
wheels 1 to 15 about e which is 1 foot on the right of wheel 15. 
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Since JZ; is greater than J/,, the vertical shear in the panel de is 
negative, and as there 1s no dead load shear in this middle panel, 
the counter dE (Fig. 41 4) will act; hence My divided by the 
depth of the truss gives the live load stress in DE. 


If the value of the shear in this panel be desired, it may be 
found as follows: The moment of wheels 1 to 15 about e is 
13 520 + 300.25 X 1 = 13 826, and that of wheels 1 to 11 about e 
is 7310+ 215 x 25 = 12685, giving a difference of 1141 kip. 
feet as the moment of the loads in the panel, and the stringer 
reaction 7= 1141/25 =45.65 kips. The shear, therefore, is 


V=R-(P i+ + +P 11)—7a= 250.06—215 —45.65= —10.6 kips 


The shear in the first panel is R-—7,= 250.05 — 14.0 = 236.1 
kips or preferably (43 761 — 7 x 350)/175 = 236.1 kips, in which 
350 kip-feet is the moment of wheels 1 to 3 about 4. The 
above operations show how to find the stresses for any given 
position which make the moments and shears the greatest 
possible. 


The student should redraw the moment diagram and Fig. 41 6 
to a scale of 20 feet to an inch on separate sheets and use them 
in the solution of the following problems as well as in the study 
of several succeeding articles. 


Other forms of moment diagrams are described and illustrated 
in Engineering News, Vol. 52, page 10, July 7, 1904; Vol. 51, 
page 450, May 12, 1904; Vol. 37, page 157, March 11, 1897; 
Vol. 27, page 528, May 26, 1892; and Vol. 19, page 284, 
April 14, 1888. 


Prob. 41 2. ‘ Compute the moments and shears for the same members 
as in the preceding example but with wheel 13 at panel point e. 

Prob. 41 4. Find the second differences between the moments under 
the uniform load in Fig. 41 @ and deduce an expression for their value 
for any given interval and loading. 
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ArT. 42. GREATEST FLoor-BEAM LOADS. 


Since the axle loads are transferred by the track to the string: 
ers, and from the stringers to the floor beams, the load on any 
floor beam is the sum of the reactions of the ends of the adjoin- 
ing stringers. In Fig. 42 the load supported by the floor beam 6 
equals the sum of the right reaction of the stringers ab and the 
left reaction of the stringers 4c, and an expression is to be found 
for the greatest value of this sum for any given series of con- 
centrated or axle loads. Either two or four stringers may sup- 
port each track, but their number does not affect the result so 
far as the floor beam is concerned. 


Let P be the sum.-of all the loads on the two equal spans or 
panels ad and dc, whose length is f, and g the distance of its 
center of gravity from ¢c; while P’ is the sum of the loads on the 
span ad, and g! the distance of its center of gravity from 4. 
For the sake of simplicity, these loads will be regarded as rest- 


ing directly upon the stringers, the result being sufficiently 
accurate for all practical purposes. Let R, be the sum of the 
stringer reactions at a, due to these loads, and A, the sum of 
the adjoining stringer reactions at J, or the floor-beam load. 
Since the sum of the moments of both loads and reactions about 
& equals zero, Rib Pig = ore 
Similarly, taking moments about c, 


Rya2pt+ Rip=+Pg=0 
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After substituting the value of R,f and reducing, 
Ry=(Pg—2P'g')/p 


If the loads be moved a distance dx to the left, both g and g! 
will receive an increment dr, and A, an increment 


aR,=(Pd«e —2P'dx)/p 
whence placing the derivative equal to zero gives 
ES 


which signifies that when the live load in both panels is double 
that in the panel aé, the resulting value of 2, is a maximum. 
This is the same condition as for finding the maximum bending 
moment at the middle of a girder or truss whose span is ae, as 
shown in Art. 45. 


The expression for the value of R, can be put into a more 
convenient shape for use with the tabulation diagram described 
- in the preceding article. Let JZ, be the moment of the loads 
in both panels about c, and JZ the moment of the loads in the 
panel ad about 4, then 


R,=(M,-2M,)/p 


Since the live load stress in any sub-vertical or suspender ox 
a truss equals the panel load, its value can be found directly 
from the floor-beam load. In applying the criteriom for loading, 
P=2FP', one of the heaviest loads should be placed at J, and 
as large a load brought on the two panels from @ to ¢ as 


possible. 


In the case of bridges, where the two panels 7, and pf, are not 
equal, the value of RX,, deduced in a similar manner, is 


pM, = (Ai + p2)Me 


en 
: pik2 
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while the criterion for loading is expressed by the formula 
Vokes Pi P 
PitP2 
in which /, is the panel length ad, and £, the panel length dc. 


For example, let it be required to find the position of the 
loads and the greatest floor-beam load in the truss of Fig. 41 4, 
whose panel length is 25 feet. Placing wheel 4 at 4, the load 
f' in the panel aé varies from 62.5 to 87.5 kips, and 2 ?' from 
125 to 175 kips. The total load P on both panels varies from 
145 to 161.25, since it happens that wheel 8 comes atc. This 
shows that the condition P = 2/’ is satisfied. For this position 
the floor-beam load is 


Ry = (3563.75 — 2 X 600)/25 = 94.6 kips 


When wheel 5 is placed at 4, wheel g is at c. To find whether 
this position satisfies the criterion, let wheel 5 be placed just on 
the left of @; then 7 =177.5 and!27' = a25¢kips. Nex olet 
wheel 5 be placed just on the right of 6; then P= 161.25 and 
‘:P'=175 kips. Since in both cases P is less than 27’, the 
required condition is not satisfied. The corresponding floor 
beam load is 91.8 kips. 

Prob. 42. Compute the stresses due to Cooprr’s E-50 loading (see 


Fig. 41 @) in the sub-verticals of a double-track deck Warren truss with 
sub-verticals, whose panels are 13 feet 4 inches long. 


ArT. 43. SHEARS FROM AXLE Loaps. 


In Art. 32 it was shown that for a uniformly distributed load 
the greatest shear occurs when the head of the load extends 
some distance into the panel cut by the section. By analogy 
the same general result will hold for a loading which is not 
uniform, although the distance which it extends into the panel 
will depend upon the nature of its distribution. 
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It will now be proved that the largest possible shear in any 
section occurs when the load on the panel is <th of the live 


load on the bridge, # being the number of panels in the span 
of the bridge. The demonstration applies to a truss with only 
a single system of webbing. 


Let Fig. 43 @ represent a consolidation locomotive with ten- 
der and train on a bridge, the train load being regarded as 
uniformly distributed. Let P!’ be the load on the panel cut by 
the section, g’’ the distance of its center of gravity from the 
right end of the panel, P the weight of the locomotive, ¢ the 


distance of its center of gravity from the head of the train, 
whose weight is w per linear unit. . The total live load on the 
bridge is W=P+ wer. Let pf be the panel length and m the 
number of panels, then the left reaction is 


I 
R= Pre Sea Px+4wr’) 


A part of the load P" is carried to the panel point # + 1 on the 
left of the section by the stringers and floor beam, and equais 


the stringer reaction fit ct 
i Fn = de & /p 
whence the vertical shear in the section is 


Va R= tam oo(Pet Pa +f wat — mPrgn 
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If the entire load advance the distance dx, both the distances 
g'' and x receive the same increment dx, and the shear V 


receives the increment 


aV= ae + we — mP")dx 


and by equating this to zero the value of x is found which 
renders V a maximum, providing that P" thereby remains on 
the panel and that no other loads come upon it. Instead of 
finding x, however, we may equate the derivative to zero and 
find the relation between the loads, or P+ wr—mP"=0, 


whence I I 
P"=—(P + wr)=—W 
Wt e mM 


which gives the important rule: 
The shear in any panel of a bridge is the largest when 


the load on the panel is —th of the total live load on 
the bridge. 


This is the same result as that found for a uniform live load 
in Art. 32. Especial attention is called to the fact that this 
general rule is also satisfied by the method of loading given in 
Art. 31 for full panel loads. : 


In order to satisfy this criterion, one of the axle loads must 
always be placed at the right end of the panel, so that a part 
of it, together with the preceding loads on the panel, may be 


I . ; 
exactly equal to me of the total live load. It is not necessary, 


however, to determine just what part of this load is needed to 
satisfy the rule, as it is sufficient to find that the sum of the 
other loads on the panel is less than, while the sum including 
the load at the panel point is greater than, the required amount. 


With the panel lengths usually adopted comparatively few 
loads can be placed on a panel, and since the same locomotive 
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and train load may be used to find the shears in different trusses, 
it is more convenient to transpose the formula so as to read 


‘W=mP" 


In this case the exact load does not need to be computed; for 
example, if the third axle be at the panel point, as in Fig. 43 4, 
it is only necessary to determine whether the total load W lies 
between the wide limits of m(P,+/P,) and m(P,+ P,+ P3) 
in which P,, P, and P; represent the loads on the axles 1, 2 
and 3 respectively. 


Fig. 43 0. 


Referring to Fig. 43a, it should be remembered that the 
section is passed so as to cut the members of the truss while 
the loads are resting upon the stringers, and that consequently 
it is immaterial whether all the loads appear to be on the right 
of the section as in the diagram ar not. This is‘sshown more 
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clearly in Fig. 43 6, which has the front driver of a passenger 
locomotive just a little to the right of the floor beam. 


Let it be required to find the positions of the loading for the 
greatest positive shears in all the panels of the truss in Fig. 43 ¢. 
To facilitate the work the following table is prepared, m being 
equal to 7: 


‘) WHEEL at Ricut EnpD oF Vv Pp" CoRRESPONDING VALUE 
PANEL, PARTLY £56 OF mP", 


No. o to 12.5 kips o to 87.5 kips 


No. 12.5 to 37.5 kijs 87.5 to 262.5 kips 
No. 37-5 to 62.5 kips 262.5 to 437.5 kips 
No. 62.5 to 87.5 kips 437-5 to 612.5 kips 


The limiting values of P" in the table are respectively the 
exact loads on the panel when the given wheel is placed just on 
the right of, or on the left of, the panel point. Thus, when 
wheel 4 is just on the right of 0, the load on aé is 62.5 kips, 


and when it is just on the left of 4 the load is 87.5 kips, hence 
when it is at 6 the load on the panel may be regarded as having 
any value whatever between these limits. When wheel 4 is at 
6, the length of train on the bridge is x= 150 + 18 — 109= 59 
feet, and the total load W= 355 + 2.5 X 59= 502.5 kips, and as 
this value lies between the limits 437.5 and 612.5 kips the 
position is correct. For panel dc the load is found to be 
440 kips when wheel 4 is at c, but as this is so near the lower 
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limit of 437.5 it indicates that wheel 3 at ¢ will probably also 
satisfy the criterion. On trial this proves to be the case, the 
total load W being 427.5 kips. Similarly, the remaining posi- 
tions are determined : 


PANEL cd. PANEL de, PANEL &f. PANEL fg. 


Position 
Total load W 


It is observed that the number of wheels in the panel gradually 
decreases as the number of loaded panels decreases. 


Prob. 43@. A single-track through railroad bridge has Pratt trusses 
of six panels with a span of 150 feet and a depth of 28 feet. Find the 
positions of the loading in Fig. 41 a@ for the greatest shears in the web 
members. 


Prob. 43 4. The trusses of a single-track deck railroad bridge have 
the form shown in Fig. 43¢. The span is 104 feet and the depth 


AY 


Fig. 43 d. 


14 feet. Determine the positions of the loading in Fig. 41 @ for the 
greatest shears in the web members. 
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Let the same truss and loading be taken as those used in the 
last three articles, the skeleton diagram being again shown in 
Fig. 44. The depth of the truss is 31 feet and secO is 1.2847. 
For convenience of reference the positions for the greatest 
positive shear in the ‘various panels are also recorded in the 
second column of the table. 
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For wheel 4 at panel point ¢ the length of train load is 
x=125+18—109= 34 feet, and the moment of the loads 
about the right support equals 20 455+ 355 X 3441.25 xX 342 
= 33970 kip-feet. The moment about the right end of the 


panel is 600 kip-feet. The vertical shear in the panel éc is 
ee V=(33 970—7 xX 600)/175 = 170.1 kips 

For wheel 3 at c the shear is 170.2 kips, and hence the stress 
m Be is 170.2 X 1.2847 = + 218.7 kips. 


For wheel 2 at f, wheel 10 is 2 feet from the right support, 
and the moment about # is 5790+ 190 xX 2= 6170 kip-feet. The 
shear is (6170—7 X 100)/175 = 31.3 kips, and the stress in the 
counter Ef is + 40.2 kips. As the negative shear in the counter 
cD is the same as the positive shear in 47, the stress in cD is 
also + 40.2 kips. The stress in /g (or in 0C) is found to be 
+ 10.9 kips. As it will probably be found that the dead load 
tension in 4c is so large that the negative live load shear will 
not reduce it to zero, the stress in Be due to the live load 
ues on from the left is then — 10.9 kips. 


In addition to the positions of the loading and the moments, 
the table gives the shears and stresses for all the web members 
except the suspender Bd whose stress equals + 94.6 kips, or the 
floor-beam load found in Art. 42. 


In the graphic method described in Part II of this text- 
book, Art. 45, the moments at the right support are read 
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directly from the diagram on which an equilibrium polygon is 
plotted whose ordinates are the same as those marked on 
Fig. 41a. The total load on the truss is also read off directly 
from the stepped load line, so that the positions may all be found 
without any computation after a table is prepared like that in 
Art. 43, giving the values of P" and mP". 


WHEEL aT Moment at | Moment at Ww 
Ricut Enp RIGHT Ricut Enp M Ee 
OF PANEL. Support. OF PANEL. t BMEENS 


kip-feet. kip-feet. 
45 751 600 


33.970 600 
31 801 287.5 


21 895 287.5 


13 520 287.5 


6170 100 
BIG9 100 


A valuable table of maximum shears, for E 40 loading, in 
each panel of trusses with from five to nine panels, the panel 
length varying by one foot from 20 to 35 feet, is published in 
Transactions American Society of Civil Engineers, Vol. 42, 
page 228, December, 1899. It was presented by O. E. SELBy 
in connection with his discussion on wheel concentrations. 


Prob. 44 a Compute the web stresses for the truss in Prob. 43 a 
Prob. 44 4. Find the web stresses for the truss in Prob. 43 2. 


ArT. 45. Moments From AxLeE Loaps. 


To find the stress in any chord member of a truss the live 
load must be so placed that the bending moment with respect 
te the center of moments for the given member is the largest 
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possible. Thus, let it be required to find the position of the 
loads in Fig. 45 a which will give the largest bending moment 
in a section distant 7 from the left support and hence the 
largest stress for the lower chord member between the panel 
points z and z—I. 


Let P' be the resultant of all the axle loads on the left of the 
panel through which the section is passed, and g’ the distance 
of P’ from the panel point # at the left of the section; Q the 
resultant of the axle loads on the panel a part of which are 
carried by the floor system to the panel point # on the left of 


hs 


ifs ls Son 


the section and the other part to the panel point ~—1 on the 
right, and g" the distance of Q from the point #—1; P the 
resultant of all the concentrated loads on the bridge, and g 
the distance of P from the head of the train; while the length 
of the train on the bridge is x and its weight wx. The rest of 
the dimensions are indicated on the diagram. The left reaction 


of the truss is 
R= Cis Px ++ wr?) 
2 


and the left stringer reaction of the loads Q is 


t= Og"/p 


Since all the axle loads included in P' are carried to panel 
points of the truss on the left of the section, the sum of the 
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moments of the panel loads due to P' is equal to the moment of 
their resultant; the bending moment with respect to the center 


of moments is 
M=RIl'— P(e +9)—1g 


Substituting the values of R and »,, this equation becomes 
Ey ; I 
M= 7 (Pg+ Pr+ : we) — P'(¢'+¢) =; Ope! 


Now, if the loads advance a distance dr, the distances g' and 
g" as wellas x receive the increment ax, and the increment of 
the bending moment J7 is therefore 


U4 
dM => (P + ww) de — Pde Lode 


which on being equated to zero gives the condition for ths 
maximum value of J/, namely, 


tie By l' 7 
in which W=P + w+ is the total live load on the bridge. 


This formula expresses the most general condition of loading 
for the greatest stress in any chord member of any simple truss 
having but a single system of web members, and in this form 
applies to one of the chords of the Pegram and the single inter- 
section Post trusses which are described in Arts. 70 and 66. 
When the panel points in one chord are midway between those 
in the other which sustain the floor beams, g=4/, and the 


formula becomes 


Piel os! yp 
sg eg (2) 


which applies to the chord members of the Warren truss next 
to the floor, whose centers of moments are at the panel points 
described. 
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When the center of moments is at one of the panel points 
which supports a floor beam or lies in the same vertical with it, 
then Q equals zero, and the second term in equations (1) and (2) 


disappears, giving 
a =" (3) 


which applies to the members of the unloaded chords in the 
‘Warren and Pegram trusses, and to all the chord members of 
the Pratt, Howe and Warren with sub-verticals,.when these 
trusses have only a single system of webbing. It may also be 
used for some of the chord members of the Baltimore truss, and 
similar ones with subdivided panels. 


If the panels are all equal, formula (3) may be still further 
simplified by substituting for the ratio /’// that between the 
corresponding number of panels. Then 

n! 


a Mt 


, 


(4) 


in which z! is the number of panels in the truss on the left 
of the center of moments, and m the total number of panels 
in the span. The condition of loading expressed by formulas 
(3) and (4) may be described by the following rule, since 
P'LWslf[l=n'/m: 


The load on the left segment of the span is to the total 
load on the bridge as the length of the left segment is to 
the span. 


To satisfy this criterion an axle load must always be placed 
in the same vertical section as the center of moments. Since 
in Art. 33 it was proved that the greatest chord stresses occur 
when every panel point is loaded, and in Art. 38 that an excess 
load should be placed in the same cross-section as the center ot 
moments, the position to satisfy the above rule may usually be 
obtained at the first trial by placing the loads so as practically 
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to cover the span, and then shifting slightly to bring the nearer 
set of heavy drivers a little closer to the section until a wheel is 
at that panel point. 


In order to satisfy either criterion (2) or (1), an axle load must 
in most cases be placed at the left end of the panel containing 
the load Q, and in other cases an axle load is to be placed at 
the right end of that panel. 


, . 
To illustrate the application of the criterion P! == W, let the : 


use of the truss in the preceding article be resumed. If the 
loading were uniform, wheel 5 should be placed at panel point 
6 for the greatest moment in the section Bé, but in order to 


Ny 


72 


bring the heavy drivers closer to the section, let wheel 4 be 
moved to 6. In this case the formula reduces to P’ =1W, and 
hence equals that for shear in the first panel. The position is 
therefore correct (Art. 43). 


For the section through C or ¢ the same position puts wheel 8 
atc. The load W is again 502.5 kips, and two-sevenths of this 
is 143.6 kips. The value of P’ lies between 145 and 161.25 
kips, showing that the condition is not satisfied. This might 
have been expected since the heavy drivers at the left should 
be brought a little nearer to the section. Let wheel 7 at c be 
tried. The length of train is r= 125 + 37—109=53 feet. The 
load W=355+2.5 X 53 = 487.5 kips, and two-sevenths of this 
is 139.3 kips. /P! lies between 128.75 and 145 kips, and hence 
the criterion is satisfied. Wheel 6 at ¢ does not satisfy it. 
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When wheel 7 is at c, wheel 11 is a little on the right of d, 
and as the drivers on its right should be brought closer to the 
center of moments, let wheel 11 be moved to @. The value of x 
is 55 feet; W is 492.5 kips, and three-sevenths of W equals 
211.1 kips. Since P’ is between 190 and 215 kips the condition 
is satisfied... It is also satisfied with wheel 12 at d@. Ina similar 
manner the positions of wheels 13 and 14 at e are determined. 
It is not necessary to extend the test to the panel points f and 
g because the uniform load is lighter than the average weight 
per foot of the locomotives. 


To show the application of criterion (2), let the truss in Fig. 
45¢ be that of a double-track railroad bridge. The span is 
152 feet and the depth 25 feet 4 inches. The live load is 
Cooper’s class E35. Since Cooprer’s standard loadings are 
proportional to the class numbers, any one of them may be 
used to find the positions for the greatest stresses, and hence 


B C D 4 
iy 
K e © O © 


6 C d 
Fig. 45 ¢. 

the moment diagram used in the preceding example will be 
employed. For the chord ad, whose center of moments is at 
B, the ratio ///=1/12. Placing wheel 4 at 6, r= 126.7+ 18 
— 109 = 35.7 feet, W= 355 + 2.5 x 35.7 = 444.3 kips, and 
yz W = 37.0 kips. There being no panels on the left of a, 
P'=0; the value of Q is between the limits 62.5 and $7.5 kips, 
while P'+40Q is between 31.25 and 43.75 kips:. The criterion 
is therefore satisfied. If wheel ‘1 at a@ be tried. P! + +Q is 
between 50.0 anc 56.25 kips, both of which limits exceed 
yw W = 38.5 kips, thus failing wv satisfy the condition. 


G 


g- 
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For the chord member dc the ratio /'/7= 3/12. Let wheel 4 
be placed at 4, the left end of the panel containing the loads Q. 
Again, W= 444.3 kips, and 3; W=111.1 kips. Considering 
the load 4 as just at the right of 4, P’=62.5 and Q=08.75, 
whence P'+4Q=111.9, which is greater than 111.1 kips. If 
wee! 4) be just atthe left of 0, 2’ = 87.5, O.=—= 73.75 and 
P'+4Q=124.4 kips, which is still larger. This shows that the 
loads must be moved to the right. A movement of 4 inches 
brings wheel 8 to ¢, the right end of the panel. For this posi- 
tion += 35.3 feet, W= 443.3 and 3; W=1108 kips. With 
wheel 8 at right of c, P'= 62.5, Q= 82.5 and P'+4Q= 103.75 
kips, but with wheel 8 at left of c, P'=62.5, Q=08.75 and 
P'+3Q=111.9 kips. Since 110.8 kips lies between these 
limits the criterion is satisfied. On moving the loads farther 
to the right until wheel 3 is at 4, it is found that the condition 
is not met. 


For the chord cd, wheel 8 is again placed at ¢, the left end of 
the panel. As before, += 35.3, W= 443.3, py W = 184.7; for 
wheel 8 at right of c, P'=145, Q= 70 and P'+4 Q= 186 k’ps; 
while for wheel 8 at left of c, P= 161.25, Q = 53.75 and 
P'+34Q= 188.1 kips. This is the only position that satisfies 


the condition. 


It should be noticed how little the axle loads are moved in 
order to meet the required tests for position for all the lower 
chord members. For the upper chord members of the Warren 


! 
truss, the criterion P'= — W applies, and the manner of using 
it is identical with that exemplified above for the Pratt truss. 


Prob. 45 a. Find the positions of the loading for the greatest bending 
moments in the truss of Prob. 43 a. 


Prob. 45 4. Determine the corresponding positions for the truss in 
Prob. 43 4. 
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ArT. 46. CHORD STRESSES DUE TO AXLE LOADS. 


In the preceding article the positions of the loading were 
found for the through Pratt truss of seven panels in Fig. 46 
whose span is 175 feet, and depth 31 feet. The method of com- 


puting the bending moments for the different sections through 
the panel points was fully explained in Art. 41. The results are 
given in the following table: 


WHEEL LENGTH MomMENT MomeENT e 
SECTION. AT OF aT RIGHT AT rapt STRESS. Ae 
SECTION. TRAIN. SuPPoRT. SECTION. K 


feet. kip-feet. kip-feet. kip-feet. kips. 
Ls 4 59 45 751 600 | 5936] 191.5 | ab=de 
Co q7 53 42-781 | 2694 9529 | 307.4 | ¢d=BC 
Dad II 55 43-761 | 9370 | 11.445./' 366.2 |CD=DE 
12 60 46 25541 -S285") 11a o 
Ee 13 40 36655 | 9585 | 11 361 
38 961 | 10910 | It 354 


The stress in CD is obtained from the greatest bending moment 
in the section Dd, but which of the chord stresses in DE and de 
are strictly derived from the bending moments in either section 
Dd or Ee depends entirely upon which diagonal is acting, and 
that in turn depends upon the sign of the shear in the middle 
panel. Practically, the stresses in DE and de are taken as equal, 
both being obtained from the largest one of the bending moments 
in both sections, but theoretically it is interesting to determine 
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the true value of both stresses. The bending moments in both 
sections and the sign of the shear are given in the following 
table for each of the last four positions of the loading in the 
preceding table. 


Position or LOADING. Benpinc MoMENT BENDING MOMENT SHEAR IN 
in Section Dd. In SEcTION Ze. PANEL de. 


kip-feet, kip-feet. 


Wheel 11 at d@ II 445 11 180 negative 
Wheel 12 at d II 439 11 058 negative 
Wheel 13 at ¢ II 162 II 361 positive 
Wheel 14 at ¢ II 263 : II 354 positive 


These results show that the diagonal d£ acts for the first two 
positions, and hence each moment in section Dd gives a stress 
for DE; but as the diagonal De acts for the last two positions 
each moment in section Ee also gives a stress for DE. The 
greatest of these moments, or 11 445 kip-feet, accordingly gives 
the required stress in DE as 369.2 kips, while none whatever is 
supplied for de. It is therefore necessary to find an inter- 
mediate position of the loading for which the shear is zero in the 
middle panel. Trying wheel 10 at @ at a venture, the bending 
moments at Dd and Ee are both found to be 11 310 kip-feet. 
This gives the stress in de as 11 310/31 = 364.8 kips, or 4.4 kips 
less than that in DZ. Usually,a wheel is at neither panel point 
for the required position, and then it is much more readily found 
graphically than by the analytic method (see Part II, Art. 47). 


Let the lower chord stresses be next computed for the Warren 
truss whose dimensions and loading are given in the last article. 
For ad, wheel 4 is at 6 and x = 35.7 feet. The moment of the 
entire load about the right support is 34 721 kip-feet. The only 
load on the truss at the left of the section cutting the chord aé 
is the panel load at a or the stringer reaction in the first panel. 
This reaction is 7,=600/f, in which # is the panel length, and its 
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moment about B as a center is 47 = 3 x 600 kip-feet; hence 
the bending moment at B is 


M = 33 X 34721 — 4 x 600 = 2593 kip-feet 


For the chord dc, wheel 8 is at c, x = 35.3 feet and the moment 
at the right support is 34.545 kip-feet. The moment of the loads 
composing P! about ¢ is 287.5 + 62.5 X 30 = 2163, that of the 
loads P’+Q about ¢ is 3564, and that of the loads @ only is 
3564 — 2163 = 1401 kip-feet. The horizontal distance from 
wheel 3 to the center of moments C is 17.3 feet, hence the 
bending moment at C is 


M= 3, X 34545 — (287.5 +62.5 X 17.3) —3 X 1401=6567 kip-feet 


Similarly, foi cd, and with the same position, the moment of the 
loads P! about d is 3564 + 161.25 X 25.3 = 7644, that of P’+ QO 
about the same point is 7310+ 215 X 4.3 = 8235, making that of 
Q about the right end of the panel equal to 8235 — 7644 = 591 
kip-feet. The bending moment at D is then 


M = $s X 34.545 —(3564+ 161.25 X 12.7)—3 X 591 = 8487 kip-feet 


These moments must be multiplied by 1.4 to reduce them to 
those for a double-track bridge under E 35 loading, and then 
divided by the depth of the truss or 254 feet, giving the stresses 
+ 102.4, + 259.2 and + 335.0 kips for ad, dc, and cd respectively. 


A table of maximum bending moments for E 4o loading, at 
each panel point of trusses with five to nine panels, the panel 
length varying by one foot from 20 to 35 feet, is published in 
Transactions of American Society of Civil Engineers, Vol. 42, 
page 227, December, 1899. 


Prob. 46@. Compute the greatest chord stresses for the truss in 
Prob. 45 @. 


Prob. 464, Compute the greatest chord stresses for the truss in 
Prob. 45 2. 
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ArT. 47. EQuivaLent Unirorm Loaps. 


An equivalent uniform load for a given truss is one so chosen 
as to cause stresses that shall differ as little as practicable from 
those due to the specified axle loads. The use of such a load- 
ing is apparently for the purpose of simplifying the computation 
of the stresses. The uniform load, which is approximately 
equivalent to a given system of axle loads, followed by a uni- 
form train load, depends upon the panel length as well as upon 
the span of the truss. 


Three methods of determining the equivalent uniform load 
have been used to some extent in this country, being based 
respectively upon the following conditions: first, that the shear 
in the end panel shall be the same as for the axle loads; second, 
that the bending moment shall be the same in a section at the 
quarter point of the span; and third, that the bending moment 
at the center of the span shall be the same. 


For the through Pratt truss, whose stresses were found in 
Arts. 42, 44 and 46, the shear in the end panel is 237.43 kips. 
For equal panel loads W, the shear is 21W/7=3W, whence 
W= 79.14 kips. The bending moment due to the axle loads at 
a distance from the left support equal to one-fourth of the span 
is 8798 kip-feet, while for a uniformly distributed load, equal to 
seven times the panel load W, it is 3 (7 Wx 175), the span 
being 175 feet. Equating these two values of the bending 
moment, gives the panel load W= 76.61 kips. The bending 
moment at the center of the span is 11 684 kip-feet, while the 
equivalent uniform panel load is 76.30 kips. 


The stresses due to these live panel loads are given in 
columns B, C and D of the table in the next article. On com- 
paring them with the stresses due to the axle loads in column 4, 
it will be observed that column # gives the best results for the 
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main web members and the first chord stress, while column CE 
gives the best results for the counters and the rest of the chord 
stresses. This shows that the stresses in any one of the three col- 
umns are deficient for some members and excessive for others. 


The percentages of these discrepancies are affected by 
changes in the number of panels and the panel length. In 
case the panel loads be determined from a diagram based on 
a different number of panels for the given span, an additional 
element will affect the resulting stresses, and the same is true 
if the loads be treated as uniformly distributed, instead of 
uniform or equal panel loads. (See Art. 32.) 


Diagrams of equivalent uniform loads are constructed by 
laying off the spans as abscissas, and the corresponding loads 
per linear foot as ordinates, a curve being drawn through the 
extremities of the ordinates. By plotting their curves on the 
same sheet, any typical loading may be compared with one or 
more sets of actual locomotive loads with respect to their effect 
upon bridges of different spans. Most of them are based upon 
the maximum moment at the center of the span. The stress in 
any sub-vertical or suspender of a truss is obtained from the 
equivalent load for a span equal to two panel lengths. Such 
diagrams may be found in Transactions of American Society of 
Civil Engineers, Vol. 29 (1893), opposite page 426, plates I and 
II; and Vol. 31 (1894), opposite pages 188, 190, 192, 214, and 
216, plates XX to XXV inclusive. Also in Engineering Record, 
Vol. 44, page 468, Nov. 16, 1901. 


For highway bridges it is sometimes specified (see Art. 30) 
that the equivalent uniform load for the web members shall be 
different for every panel, that for each member depending upon 
the loaded length of the bridge when the member receives its 
greatest stress. Occasionally this method is used also for rail. 
road bridges. 
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ArT. 48. COMPARISON OF METHODS oF LOADING. 


The stresses in the table contained in this article are for the 
Pratt truss in Fig. 48, the span being 175 feet, and the depth 
31 feet. Those given in the column marked A were found in 
Arts. 42, 44 and 46, while the method of computing those in 

columns B, C and D was described in the preceding article. The 
stresses in column £& are due to a series of panel loads: 94.6, 
65.1, 94.6, 65.1, 65.1, 65.1 kips, etc., advancing from the right 


for the web stresses and covering the whole span for the chord 
stresses. The two locomotive panel loads of 94.6 kips each are 
equal to the greatest floor-beam loads due to the typical loading 
of class E50 (see Art. 42), and the rest of the panel loads are of 
such a magnitude that the entire series produces the same shear 
in the end panel-as the axle loads. No stress in that column 
falls below the corresponding one in column 4, but the excess 
for most of the web members is larger than for that in column 
B for equal panel loads, the percentage of difference increasing 
as the web stresses decrease. 


If the uniform panel loads be 62.5 kips, corresponding to the 
uniform train load in class E 50, and the locomotive panel loads 
97.5 kips, thus producing the same end shear, the web stresses 
will all be slightly greater than those in column £, while the 
chord stresses will be 191.5, 304.4 and 366.9 kips, two of these 
being deficient. If, however, the excess of the locomotive panel 
loads of 97.5 — 62.5 = 35.0 kips each, be treated as excess loads, 
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the web stresses will remain the same, but the chord stresses - 
become IQI.5, 316.5 and 375.0 kips. 


MEMBERS. Cc D £ f 
ee ee 
kips. kips. kips. kips. 
aB 305.0 | 305.0 | 295.2 | 294.1 | 305.0 | 305.0 
Le 2187 «| 2217.04. (2100-42 2LO.0, |) 222.5 he zeOns 
Ce 113-05 el ier 109.4 ;} 1090 | 118.3 | 116.6 
Cd 146.0 145.2 140.6 140.0 152.0 149.8 
Da 65.8 67.8 65.7 65.4 72.7 71.8 67.8 
De 84.5 87.1 84.4 84.0 93-4 92.3 87.0 


! 40.2 43.6 42.2 42.0 46.6 48.1 40.5 

10.9 14.5 14.1 140 17-3 17.4 Tis5 
191.5 | 191.5 | 185.4 | 184.6 | 191.5 191.5 185.8 
307.4 | 319.1 | 308.9 | 307-7 | 306.6 | 306.8 | 300.6 
3692 | 383-0 | 370.7 | 369.2 | 369.3 | 363.2 | 371-5 


CD, DE, de 


1 kip = 1000 pounds. 


- Stresses due to typical locomotive loads, class E50. (Arts. 44 and 46.) 
- For equivalent uniform load causing the same shear in end panel. (Art. 47.) 
. For equivalent uniform load causing the same moment at quarter span. 
. For equivalent uniform load causing the same moment at center of span. 
. For two locomotive panel loads equal to the greatest floor-beam loads and two 
panel lengths apart, with uniform panel loads between and following them, so as to 
cause the same shear in end panel. 

£. For one locomotive panel load followed by uniform panel loads so as to cause 
the same shear in end panel. 

G. For uniform train panel loads and one variable excess load. 


Sbyawea 


The stresses in column F are obtained from one locomotive 
panel load of 94.6 kips followed by uniform panel loads of 73.0 
kips, the shear on the end panel being the same as before. 
These results show that the excess in the counters is greater 
and that in the main web members less than in column Z&, but 
most of the chord stresses are deficient. If in this case the 
excess of the locomotive panel load be treated as an excess load 
the chord stresses will be the same as in column B£. 


If an excess panel load of 58.3 kips be added to a series of 
uniform train panel loads of 62.5 kips, so as to cause the same 
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shear in the end panel, the other web stresses become still greater 
while the chord stresses are the same as in column B. Should 
the excess load be reduced to 49.4 kips, so that with the uniform 
panel loads the moment at the quarter span would be the same 
as for the axle loads, then both web and chord stresses will have 
the same relation to those in column C as the stresses for the 
preceding load in this paragraph bear to those in column BZ. 


For the stresses in column G the uniform panel loads are 
equal to those of the train in class E 50, or 62.5 kips, while the 
single excess load for the chords is 50 kips, and for the web 


ee 2 
members is given by the formula Z = 62.5 — 90 ‘sonia in which 
m 


m is the number of panels in the truss and # the number of 
loaded panel points. This value of the excess load is for one 
truss of a single-track bridge. In the present example the excess 
loads are 60.7, 55.1, 46.0, 33.1, 16.6, and o kips. A comparison 
of columns 4 and G shows that the excess of the stresses in the 
latter is very small, and there is only one deficiency. This can 
easily be remedied by using the same excess panel load for the 
first chord stress as for the end post of the truss, giving 193.2 
kips for ab and &c. 

The method described in the preceding paragraph is recom. 
mended by O. E. SExsy, in his discussion on wheel concentra- 
tions in Transactions American Society of Civil Engineers, Vol. 
42, page 223, December, 1899, and which contains a thorough 
investigation of the variation of single excess loads for trusses 
having from 5 to 9 panels, panel lengths from 25 to 35 feet, and 
spans from 100 to 315 feet. It is shown that no constant value 
of a single excess load combined with the train panel loads gives 
stresses which avoid deficiencies without very large excesses in 
most of the members. 


Of all the other methods in which one or two excess loads or 
locomotive panel loads are used the best one is that with two 
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locomotive panel loads used for the stresses in column &. Fora 
more extended discussion of the advantages of this method see an 
article entitled A Conventional System of Treating Wheel Loads 
by M. F. Brown, in Engineering News, Vol. 49, page 287, March 
26, 1903. Other discussions of equivalent loading are given in 
Transactions American Society Civil Engineers, Vol. 42, pages 
189-239. For aconcise statement on the Use of Wheel Concen- 
trations in Computing Bridge Stresses by HENRy S. PRICHARD, 
see Engineering News, Vol. 42, page 26, July 13, 1899. 

Prob. 48 @. Prepare a table showing the increase in the weights of 
locomotives since 1835 as well as the increase in several of the specified 
axle loads. See Trans. Am. Soc. C. E., Vol. 34, page 295; Vol. 21, 
page 25; Railroad Gazette, Vol. 31, page 654; Vol. 33, page 330; and 
Engineering News, Vol. 51, page 605. 


ArT. 49. UNSYMMETRICAL TRUSSES. 


A ‘skew’ bridge is one in which the line joining the corre- 
sponding supports of the trusses is not perpendicular to the axis 
of the bridge. Since the floor beams should be at right angles 
to the trusses, the panel length and the position of the trusses 
should be so chosen as to bring the first panel point of one truss 
directly opposite the second or third panel point of the other 
truss, thus making the trusses alike and the two halves of each 
symmetrical. When the degree of skew will not allow this to be 
done economically unsymmetrical trusses are built. 


Fig. 49 represents the side elevations of two unsymmetrical 
Pratt trusses of a tnrough railroad bridge, together with the 
plans of the upper and lower lateral systems. The floor beams 
are perpendicular to the axis of the bridge, and are placed at 
equa} distances from each other and from the points midway 
between the corresponding end bearings of the trusses. The 
panels BC and aé of the chords are shorter while GH and fz are 
longer than the others. The inclination of the end posts a@B and 
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Hz is the same as that of the diagonals Ca, De, etc. Be and ab 
are made of the same length, as also GH and “2; then the 
inclination of Bd is the same as that of H#. The two trusses 
are alike with their ends reversed. 


-Fig. 49. 


The stresses for such a truss are computed by the same 
methods as if the truss were symmetrical, although of course 
the inequality of the panels and loads makes the numerical work 
more laborious. The dead panel load at 4 should be one-half of 
that on the panel length ad plus one-half that on dc, and similarly 
for all other panel points; thus giving loads at the upper panel 
points of three different values, and the same number for the 
lower panel points. The live panel loads are all equal since all 
the stringers have the same effective span. The stresses are 
computed for the left half of each truss or for all the members 
of one truss, since the two halves are not alike. 
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To facilitate the computations of reactions and stresses it is 
desirable to express the panel lengths ad and /z in terms of 2, 
the length of the other equal panels. The shears due to live 
panel loads are most conveniently obtained by computing first 
the reactions for each panel load separately. The stresses in 
Bo and Hh are respectively equal to the floor beam loads at 6 


and # multiplied by the secant of the angle which these miem- 


bers make with the vertical. For chord stresses due to dead 
or live panel loads the best method is that of chord increments 
(Art. 23), an additional column being required for the different 
values of secO for the corresponding diagonals. 


The position of axle loads is usually determined in the same 
manner as for symmetrical trusses, it being assumed, however, 
that the loads are located on the center line vo! of the track as 
shown in Fig. 49 and that the trusses have their supports at 6 
and o’. Although this method is approximate it generally gives 
the correct position. In case the total load W is nearly equal to 
one of the limiting values of #P"' (see formula in Art. 43) it is 
necessary to try an additional position. 


For example, let the truss in Fig. 49 have a span of 146 feet 
and a depth of 24 feet. The panel lengths from 4 to % are 
p= 18 feet 3 inches, while that of ad is ~,= 13 feet 74 inches 
=0.747 p, and that of 42 is p, = 22 feet 104 inches = 1,253 p, 
The span / equals 8.000 g._ Let the live load be that shown on 
Fig. 41a. To aid the student in following the explanation given 
below he should prepare a truss diagram on which are marked 
at each panel point the distances to the supports @ and z, and to 
2 point directly opposite o' (Fig. 49), which is also to be desig: 
nated aso’ on the truss diagram. It should be drawn to the same 
scale as the larger moment diagram recommended in Art. 41. 


For the greatest shear ir. the end post aB let axle 3 be placed 
at 6. The value of P" (Art. 43) lies between 37.5 and 62.5 kips, 
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and W the total load on the truss must accordingly lie between 
300 and 500 kips; it is found to be 434.4 kips and thus satisfies 
the condition. For the greatest shear in Da or De let axle 2 be 
placed ate. The limiting values of P” are 12.5 and 37.5 kips, 
while W= 290 kips lies between the corresponding values of 
mP" of 100 and 300 kips. On placing axle 3 ate it is observed 
that axle 15 is brought between the points o' and 2, and as 290 
is relatively close to 300 kips this position will also be tried to 
see how the corresponding shear compares with that when axle 
2isate. For the greatest bending moment at d it is found that 
the criterion is satisfied when either axle 8 or axle 9 is at the 
center of moments. 


When axle or train loads are on the stringers of the first and 
last panels of the floor system the moment of the left reaction R 
about the right support z is 


Kis Pg+ Pat} wt—r(lt+p—p)— Merny 


in which 7% is the stringer reaction at 0, 7, the reaction at % of 
the stringer 4o!, 17, the moment of the loads between the points 
# and z about 7 as a center, /, f, and £, the lengths of panels as 
described above, and the rest of the terms as described and illus- 
trated in Art. 41. The term ™%(/+/—f,) is the moment of aH 
about the right support z, while the terms —J/, and +7,f, consti- 
tute a correction on account of the loads on the right of % so that 
the right-hand member of the equation represents the sum of the 
moments of all the pane] loads on the truss from @ to % inclusive. 
When there are no loads on the left of 4 the term containing 7 
disappears. This equation is more convenient to use when 
changed to the form 


Rl= Pet Prt} wst— MAL A 4,2 


in which J, is the moment of the loads on the stringer 0d about 
6, and J’, the moment of the loads on the stringer fo! about o!. 
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For example, let the shear be found in the end post aB when 
axle 3 is at b. The length of the train x=132.4+13—109= 
36.4 feet, the ratio (1 +p—p1)/p equals 8.253, the panel length 
$g=1.253p and p.2=1.571 72. . The moments 4, te 2 >G2a5. 
X (1.253 p)2, while M’9=4X2.5xX#p2. Accordingly 


RX 146 = 20455 +355 X 36.4 +4X2.5 X 36.4 — 287.5 
X 8.143 —} X 2.5 X 1.308 #24 4 
X 2.5 X 1.253 p?=32 528 kip-feet 


whence A = 222.8 kips, which also equals the vertical shear 
in the end post @B. 


In a similar manner the shear is found in Dd or De when 
axle 2 is at e«. The moments J/; and J/') are 1410 and 950 
kip-feet respectively, while the distance from axle 14 to the 
right support z is 7’ = 77.6+8—79=6.6 feet. 


R X 146 = 10910 + 290 X 6.6 — 1410 + 950 X 1.253 


which gives R = 86.3 kips. The panel load at dis 100/18.25 = 
5.5 kips and the vertical shear 86.3 — 5.5 = 80.8 kips. 


For the position of wheel 3 at ¢ referred to above, J7,= 1287 
and /',= 900 kip-feet, R= 97.0 kips, the panel load at ¢ is 
15.8 kips and the shear 81.2 kips, which is greater than that 
previously found although the approximate criterion for position 
was not quite satisfied. 


For the greatest bending moment at the panel point d, let 
the position be tried with axle 9 at d@. The length of train is 
# = 91.2 + 48 — 109 = 30.2 feet, and W= 355 + 2.5 x 30.2=430.5 
kips.. The’ term (2! /).W=% x 430.5 = 161.4 kips, @Arteas), 
while the value of P’ is between 161.25 and-177.5 kips, thus 
fulfilling the approximate condition. Wheel 8 at d@ also satisfies 
it. For the former position +=95.9 + 48 — 109 = 34.9 feet, it 
being remembered that the value of += 30.2 feet used in 
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determining the position of the loads cannot be used in ane 
the as of the truss, R x 146= 20455 + 355 x 34.9+4x 
2.5 X 34.9 — 231.25 x 8.253 4.x 2.5 x (1.253 p)2+4 x 2.5 p2x 
1.253 = 32 326 kip-feet. The moment of the loads on the 
left of d minus the moment of the stringer reaction at o is 
4370 — 231.25 X 3 = 3676 kip-feet. Accordingly the bending 
moment is A7= (32 326/146) 50.1 — 3676 = 7417 kip-feet. When 
wheel 8 is at @ the value of J/ is 7449 kip-feet, and on dividing 
this moment by the depth of the truss the stresses are obtained 
in CD and de. 


The greatest floor-beam load is the same as if the truss were 
symmetrical, for the deduction of the formula in Art. 42 indicates 
that the panel lengths introduced are really the spans of the 
adjacent stringers which are equal. In this example when wheel 
3 is at 4, the moment JZ, is 1037.5 + 112.5 xX 8.25 = 1965.6 (Art. 
42), while J/, is 287.5 kip-feet, the panel length being 18.25 feet; 
hence the floor-beam load is (1965.6 — 2 x 287.5)/18.25 = 76.2 
kips. For wheel 4 at 6 the load is 76.6 kips, and hence the 
stress in 4% is 76.6 kips multiplied by the secant of its angle 
with the vertical. 


The analytic method is so laborious and requires such great 
care to avoid errors in computation that it is preferable to use 
the graphic method described in Part II, in which the labor is 
but slightly greater than for symmetrical trusses. 

Prob. 49. Referring to Fig. 49, compute the shears in Ce and the 


counter /g, as well as the greatest bending moment at e, for the loading 
used in the preceding example. 
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CHAPIERS)V. 
FINAL STRESSES FOR BRIDGE TRUSSES. 


ArT. 50. Maximum AND MINIMUM STRESSES. 


The live load stresses in the following table are those com 
puted in Arts. 42, 44 and 46 for the truss in Fig. 50 under the 
locomotive loading, class E50. The dead load stresses are 
computed for a panel load of 33.5 kips, of which 10.2 kips are 


Fig. 50. 


applied at the upper panel points. The dead load stresses in the 
counters Ef and #g are determined under the assumption that 
the live load makes them act. As the static live load tension 
in “Ff is less than its dead load compression, Ef will not act 
unless a heavier load than the one specified crosses the bridge, 
or unless other stresses are produced than those entered in the 
table. These other stresses are considered in Art. 59, but under 
the specification for the increase of the live load as explained in 
detail in Art. 36 the maximum stress in Ef is 2X 40.2—43.0= > 
+37.4 kips. Under this condition the minimum stress in the 
main diagonal Cd becomes zero while that in the adjacent verti- 


cal Cc equals the upper dead panel load at C, as explained in 
Art. 36. 
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aB Be 


23.3} +861] —43.7 | +43.0| —10.2 fo) 
94.6 | + 218.7 |—113.6 | +146.0 Se) 


From dead load |—129.1 
From live load |—305.0 


Maximum stress |—434.1 | +117.9| +304.8|— 157.3 | +189.0] —76.0 
Minimum stress |—129.1 | +23.3} +75.2| —10.2* o* | —10.2 
——— 


| 
| 
1 
i} 
| 


Ef Fg ab=be cad dc BC 


From dead load | —43.0 | —86.1 481.1 +135.1 | +162.1 | —135.1 
| From live load +40.2 | +10.9) +191.5 |+307.4 | +364.8| —307.4 


Maximum stress | + 37.4* O | +272.6}+442.5 | +526.9| —442.5 
Minimum stress fo) fo) +81.1 |+135.1 | +162.1 | —135.1 


* These values are due to the specification that the live load shall be increased 
Too percent in order to design the counterbracing. 

Even if the live load be doubled the tension in Fg is not equal 
to its dead load compression, and hence this counter will not 
act; therefore the live load stress of 10.9 kips must be taken. by 
the main diagonal tie Bc, which, having a different direction 
from the counter in the same panel, receives a compression of 
this amount, making its minimum stress +86.1 —10.9=+75.2 
kips. This is the least tension to which it is subject when the 
live load comes on from the left, the second driver being at 
the floor beam 4 which corresponds to ¢ in the right half of 
the truss (Art. 43). ; 

Prob. 50. Compute the maximum and minimum stresses for the truss 
in Prob. 43@. ‘The live load stresses were to be computed for Probs. 
44a and 46a, The dead panel load per truss is 24.7 kips, of which 
6.6 kips is to be applied at the upper panel points. 


ART. 51. Snow Loap STRESSES. 


Thus far the stresses have been regarded as caused only by 
the dead and live loads, and in fact many highway bridges have 


158 FINAL STRESSES FOR BRIDGE TRUSSES. CHAP. IV. 


been built in which only these loads were considered in design- 
ing the trusses. A complete investigation, however, must include 
the effect of the snow as well as some other loads to be con- 
sidered in the following articles. 


For highway bridges the snow load may be taken from o to 
20 pounds per square foot of floor surface, depending upon the 
climate where built. In the country the full live load is not apt 
to come upon the bridge when the floor is heavily loaded with 
snow ; in the smaller cities the sidewalks are usually kept free 
from snow, and in the larger cities the roadway is also frequently 
cleared. The value of the snow load may hence be a little lower 
than for roofs. Most of the published standard specifications 
for highway bridges do not include snow among the loads for 
which the structure is to be designed. 


As the snow is a uniform load the computation of the stresses 
caused by it is made in exactly the same manner as for dead 
load, all the weight being applied at the panel points which - 
support the floor. Or, if w’ and w be the snow and dead loads 
per linear foot, the snow load stresses can be found by multiply- 
ing the dead load stresses by w'/w, provided the dead panel 
loads are not divided, or, if divided, that the dead load stresses 
in the verticals are first corrected as indicated in Art. 27. 


For railroad bridges the snow load is usually not considered, 
as most of them have open. floors that can retain but little snow. 
In bridges with solid floors the snow is not allowed to accumu- 
late beyond a slight depth. 


Prob. 51. Compute the stresses for the highway bridge trusses in 
Prob. 21 4, due to a snow load of 15 pounds per square foot. 


ArT. 52, THe LatTerat System. Wrnp Loaps. 


‘The lateral systems of a bridge consist of bracing which 
mites the corresponding chords of the trusses and together 
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with the chords form horizontal trusses which can resist any 
lateral forces that may act upon the bridge. These forces 
include the pressure of the wind as well as the tendency to 
lateral vibration due to the moving live load. The floor beams 
form a part of the bracing in one of the systems. 


In Howe truss bridges the lateral systems are also of the 
same type, two diagonal struts being inserted in every panel. 
In steel truss bridges these systems are usually of the Pratt 
type of truss. In some cases the diagonals are made of rods or 
bars so as to take only tension, while in others both diagonals 
in each panel are made stiff so as to take both tension and 
compression. The object of this construction is to reduce the 
lateral vibration. Sometimes in short spans only a single stiff 
diagonal is used in each panel, in which case the bracing is like 
that of the Warren truss with sub-verticals. In special cases, 
like that of a through skew bridge with a solid floor, the upper 
lateral system may be of the plain Warren type. This form is 
almost exclusively used in the lateral bracing of the stringers of 
railroad bridges. 


In deck plate girder bridges the lateral systems are like the 
Warren truss with sub-verticals, although some are of the Pratt 
type. The latter form is used exclusively for through plate 
girder bridges. 


The wind is to be regarded as blowing horizontally at right 
angles to the line of the bridge and exerting a pressure of from 
25 to 50 pounds per square foot, the upper limit being reduced 
to 30 pounds for railroad bridges when loaded. The wind pres- 
sure against the members of the trusses is transferred by them 
to the upper and lower panel points or to the upper and lower 
lateral systems. 


For highway bridges the wind load specified is, first, a static 
load of 150 pounds per linear foot on each lateral system ; and 
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second, a moving load of 150 to 180 pounds per linear foot for 
the system next to the floor. Occasionally all the wind load is 
treated asa moving load. Additions are made to the static load 
for spans exceeding 300 feet. Sometimes the static load is given 
as 30 pounds per square foot on the loaded structure and 50 
pounds on the unloaded structure. The area considered is the 
area of the side elevation of both trusses plus that of the side 
elevation of the floor. 


For railroad bridges the static load is usually the same as for 
highway bridges, but the moving wind load ranges from 300 to 
450 pounds per linear foot. Some engineers treat all the wind 
loads as moving loads. The most severe specification for secur- 
ing the lateral rigidity of bridges under very heavy locomotive 
loads requires the lateral systems to be designed for moving 
wind loads of not less than 300 and 700 pounds per linear foot, 
the latter for the system next to the floor. 


The train is generally assumed to present an area of 10 square 
feet per linear foot to the action of the wind, but the center of 
pressure is given in different specifications as from 6 to 8 feet 
above the base of the rail. When the pressure on the loaded 
trusses is taken as 30 pounds per square foot, that part of the 
area ot the leeward truss which is shielded by the train: is 
deducted from the total area. 


Prob. 52. Assuming the weight of a train of empty box cars to be 
800 pounds per lirear foot, compute the wind pressure required to over- 
turn the train, the resultant of the wind pressure being taken at 74 feet 
above the base of the rails, 


ART. 53. STRESSES DUE To Winp Loaps. 


Let the Pratt truss be taken whose skeleton diagram is shown 
in the middle of Fig. 532. The span of the single-track rail- 
road bridge is 175 feet, the width between centers of trusses 24 
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feet, and the depth of trusses 31 feet. The skeleton plans of 
the upper and lower lateral systems are placed respectively above 
and below the truss diagram. Let the wind load be specified as 
a static load of 150 pounds per linear foot for the upper system, 
and 600 pounds per linear foot for the lower system, of which 
450 pounds is to be treated as a moving load. 


The static wind panel load is 150 X 25 = 3750 pounds, and the 
moving panel load is 450 x 25 = 11250 pounds, both of which 
are to be divided equally between the two sides of the system. 
This equal division is sufficiently close to the actual distribution 
of the wind pressure for all practical purposes. When the wind 
loads act in the direction indi- 
cated in Fig. 53 a, the diagonals 
drawn in full lines are stressed 
provided that the laterals can 
take only tension, and when 
’ the direction of the wind is 
reversed the diagonals in 
broken lines are brought into 
action. So far as the direct 
stresses in the upper system 
are concerned. it may be re- 
garded as a truss of five panels 
with supports at B and B’, 
For all practical purposes the 
reactions at a and a’ may be assumed to be equal, and hence for 
these direct stresses the reactions at B and B’ are also equal. 
The loads are transferred from the latter to the former points or 
supports through the portal bracing and the end posts acting as 
beams as well as columns. Since the supports a and a! of the 
bridge are below the plane of the upper lateral system the wind 
loads on that system tend to overturn the bridge about an axis 
through its leeward supports and thus causes additional stresses 


Fig. 53a. 
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in the members of both trusses. These will be considered 
separately. 


In Fig. 53% only one set of diagonals is shown, the wind 
having the direction indicated by the arrow at its side. The 
stress coefficients marked on the upper two diagrams correspond 
to those in Fig. 27 4 and are determined in the same way, since 
the static wind load is treated exactly like the dead load. If 
be the angle between any diagonal and its adjacent strut, wh*ch 
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is perpendicular to the chords, the quantities to be multiplied by 
the coefficients are 3750 pounds for the struts; 3750 x sec0’= 
6670 pounds for the diagonals; and 3750 x tan@’= 5515 pounds 
for the chords. When the wind is reversed the other set of 
diagonals receive the same stresses, the chords exchange stresses, 
while those in the struts remain the same. If the wind loads on 
the upper system were treated as moving instead of static loads, 
the coefficients for the portal strut and web members would be: 
I, 2, 1.5, 1.2,0.7 and 0.6. The coefficients for the lower lateral 
system due to the moving loads are given in the lowest diagram 
of Fig.534. These are found in the same manner as for the 
live panel loads (Arts. 31 and 33). Since the moving loads are 
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due to the wind pressure on the train, a half panel load must be 
placed at both ends of a strut in finding its greatest stress. 


In Fig. 53¢ are given the corresponding coefficients for the 
case in which the lateral diagonals are designed as stiff mem- 
bers to take both tension and compression, it being also assumed 
that the shear in each panel is equally divided between the two 
diagonals. It is seen that the chord stresses in each panel 
are both numerically equal to the average of the corresponding 
values in the adjacent diagrams on the left. The best specifica- 
tions for steel highway and railroad bridges require the lateral 
as well as the sway and portal bracing to be made of shapes 
capable of resisting both compression and tension so as to secure 
. greater lateral stiffness. 


Prob. 53 a. Compute the stresses in the lower lateral system for the 
moving wind load (Fig. 53 4), expressing the results to the nearest tenth 
of a kip. 

Prob. 534. Prepare diagrams similar to those in Figs.534 and 53¢ 
for the bridge in Prob. 43 a, the width of the bridge being 16 feet 2 
inches between centers of trusses. 


ArT. 54. STRESSES IN MAIN TRUSSES DUE TO WIND. 


The upper lateral system carries its panel loads to the ends 
of the portal struts BB’ and GG’, as shown in Fig. 54a. 
The overturning moment of these loads about the axis a% is 
6 X 3750 X 31 = 697 500 pound-feet, and since this is resisted 
by a reaction-couple at each end of the span, each reaction 
equals 697 500/(2 X 17)= 20515 pounds, acting downward on 
the windward side and upward on the leeward side. 


The same vertical reactions will be produced if the horizontal 
loads at the portal struts are replaced by equivalent vertical 
load-couples of the same magnitude as the reaction-couples, but 
opposite in direction and applied at the same panel points B, 
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B', G and G’; and therefore the same stresses will be caused 
in the main trusses. Since the forces for each truss now lie in 


the same plane, the stresses may be found by the same methods 
as for the dead load. The leeward truss and its loads are shown 
in Fig. 54 6. 


As the shears in all the diagonals except the end posts are 
zero, the stresses are uniform throughout each chord. The 


stresses in the end posts are 20.515 x secO = — 26.4 kips, in the 
lower chords 20.515 x tan@= 4 16.5 kips, in the upper chords 
— 16.5 kips, and zero in all the rest of the members. 


The pressure of the wind on the train also tends to overturn 
the train, and will do so if the weight of the train is insufficient 
to resist it. On account of the continuous action of the weight 
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of the train the reactions at the ends of the floor beams are the 
same as if the wheels of the train were rigidly fastened to the 
rails. Since the horizontal reaction 
for each wind panel load lies in the 
plane of the lower lateral system, 
the lever arm of this couple is the 
distance from the center of pres- 
sure on the train to the plane of 
that system. In this example it is 
6+4.7=10.7 feet, the distance from 
the center of pressure to the base 
of rail being taken as 6 feet, while 
that from the base of rail to the 
lateral system is estimated as 4.7 Be See 

feet. Since the wind pressure on the train for one panel length 
is 450 X 25 = II 250 pounds, the reaction of the floor beam is 
II 250 X 10.7/17= 7080 pounds. The overturning effect of 
the wind on the train therefore causes panel loads of 7.08 kips 
acting downward on the leeward and upward on the windward 
trusses. 


The stresses due to these loads are computed in the same 
manner as for live panel loads (Art. 36), it being necessary to 
find the greatest stresses in the counters as well as in the main 
ties. For the windward truss the stresses are the same in 
magnitude as for the leeward truss, but with the signs reversed. 
This would not be true, however, for some of the members if 
the wind on the train could act independently of the live and 
dead loads. The stresses are recorded in the tables in Art. 59. 


Prob. 54a. Compute the stresses due to the overturning effect of the 
wind on the truss and on the train for the bridge in Prob. 53 4, using 
the same wind loads as those in the examples of Art. 53. 


Prob. 54. Find the truss reactions of the deck bridge in Prob. 21 @ 
due to the wind pressure on both truss and train, using the same wind 
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loads as in the preceding problem. The trusses are 16 feet apart, the 
base of rail is 5 feet 21 inches above the center of the upper chord and 
the bearing surface of the supports is 17 inches below the center of the 
lower chord. 


ArT. 55. STRESSES DUE TO INITIAL TENSION. 


In Art. 53 the stresses in the laterals were found for two con: 
ditions; first, when the diagonals are designed to take tension 
only, and second, when they are designed to take both ten- 
sion and compression. Although the best recent specifications 
require the lateral bracing of both highway and railroad bridges 
to be made of shapes capable of resisting compression as well 
as tension, many of the cheaper bridges are built with lateral 
diagonals of slender rods or bars. In order to avoid excessive 
vibration in this case it is specified that the lateral struts shall 
be designed as a column to resist the resultant due to an 
assumed initial tension of 10000 pounds per square inch upon 
all rods attached to them, this initial tension being produced by 
adjusting the rods. All the lateral diagonals are made adjusta- 
ble both to line up the bridge and to provide for the initial ten- 
sion, whose actual magnitude, however, is less than the value 
assumed for the purpose of securing lateral struts of adequate 
stiffness. 


In Fig. 55 are shown two panels of the upper lateral system 
of Fig. 53, and two arrows are inserted in each panel to repre- 
sent equivalent oe forces acting upon the panel when one 
of the adjustable diagonals is drawn up 
by means of its turnbuckle or sleeve nut. 
If these forces in the first panel be desig- 
nated by P, the stresses in the chords BC 
and B’C’ are each —P sin6’, those in the 
struts B’B and C'C are —Pcos6!', and 
that in the tie B/C is +P. Only the members connected with 
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any panel are affected by initial tension in its diagonals. Simi. 
iarly, if P’ be the initial tension in the second panel, the stresses 
in its chords are —/’ sin@’, in the struts —P’ cos6’, and in the 
diagonal +P’. As C’C belongs to both panels, its total initial 
stress is —(P +P')cos6’. 


_ The stresses in the diagonals due to the initial tension are not 
to be added to those due to wind in order to obtain their maxi- 
mum stresses, because the shear in any panel caused by the 
external wind loads replaces a part of the initial tension in one 
diagonal, while it releases the same part of the initial tension in 
the other. The value of the tension so replaced in one and 
released in the other diagonal is 3 V seco’. The correspond- 
ing release for the chords is 4V tan@’ and for the struts 
3V, in which V represents the shear in the panel due to 
wind. In case the greatest wind stress S, in either diag- 
onal be equal to twice the initial tension S,, the effect 
of the latter entirely disappears in every member of the 
panel. Therefore, if 5S, be less than 2,5, the maximum 
Stress Sinaz = Su + 5 (25, —5.), and if S, bégreater than 25S,, 


pate Sep. 


The same methods may be used to determine the stresses due 
to initial tension in the members of the main trusses of the 
bridge which are located in panels having counters, but since 
these stresses are also replaced by those due to the greatest live 
load as it crosses the bridge, it is not necessary to consider them 
in finding the maximum stresses. The initial tension in the © 
diagonals reduces the deformation of the panels containing them 
to the extent in which this stress is replaced by the live load 
. stress during the passage of the load across the bridge. 


Prob. 55. A through Pratt truss railroad bridge has a span of 200 feet 
and is 164 feet wide between centers of trusses. The trusses have eight 
panels. The upper lateral diagonals consist of rods whose diameters are _ 
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13, 13 and 11 inches in the three successive panels in each half of the 
system. Compute the stresses in the lateral struts due to a specified 
initial tension in the rods equal to that mentioned in this article. 


Art. 56. STRESSES DUE TO TRACTION. 


When a train crosses a railroad bridge with its brakes applied, 
a horizontal force is exerted upon the track through the friction 
of the wheels. This is usually taken in bridge specifications as 
twenty percent of the live load on the structure. When the 
“train passes over a through bridge from the fixed end of the 
span toward the end on rollers, this longitudinal force tends to 
cause additional tension in the lower chords, increasing panel by. 
panel from the expansion toward the fixed end of the trusses. 
When the direction of the train is reversed the stress is changed 
to compression. The effect of this tendency is materially re- 
duced by the continuity of the track over the bridge and by the 
continuity of the system in each span, and hence it is impossible 
to determine closely the magnitude of the stresses. 


In designing new bridges it is not customary to consider the 
traction, it being assumed that this is sufficiently provided for 
by the adoption of relatively low unit-stresses. In the recompu- 
tation of stresses, however, 
for old bridge trusses, which 
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In order that the lateral system may do this more effectively 
without producing lateral bending either in the stringers or in 
the floor beams, braces are sometimes inserted where the lateral 
diagonals cross the stringers as shown in Fig. 56. There are 
thus formed two horizontal trusses cmm'c! and ann'd', which 
receive their horizontal loads at the points where they are con- 
nected with the stringers. 

In double-track bridges similar braces are sometimes put 
between the inner stringers, while four short diagonal braces 
are also inserted in each panel between the points where the 
outer stringers cross the lateral diagonals and where the inne1 
stringers meet the floor beams. 


In the case of deck bridges supported at the end of the lower 
chord, stresses may be produced by traction in nearly every mem- 
ber of each truss, but their magnitude is practically iadeterminate. 


Prob. 56. Compute the stresses in the truss dn'd' due to the trac- 
tion of a live load in the panel of 94.6 kips, it being assumed that this 
truss resists the tractive force when the live load advances from the right. 


ART. 57. STRESSES DUE TO CENTRIFUGAL LoaApD, 


When the railroad track on a bridge is curved, additional 
stresses are caused in the main trusses as well as in the lateral 
system because of the centrifugal force developed by the moving 
live load. According to mechanics the centrifugal force for 
any given weight P is PV?/gR, in which V is the velocity in 
feet per second, g the acceleration of gravity = 32.2 feet per 
second per second and # the radius of the curve. CooPErR’s 
Specification requires the computation to be made for a speed 
of 60— 3D miles per hour, D being the degree of the curve. 
Sometimes the speed specified is less than 40 miles per hour. 


In Fig. 57 let C denote the position of the center of the track 
in any cross-section of the bridge, its eccentricity or distance 
from the vertical axis of the bridge being’ Z,. Let A bé the 
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pendicular to this plane and 
equal to the height % of the center of gravity of the train load 
above the rails, this distance being usually assumed as 5 feet. 
The distance from G to the intersection of GC with the plane of 
the lateral system is called ad, while is the distance between 
the centers of trusses. 


Regarding the cross-section as passing through one set of 
panel points of the trusses, two forces are applied at G, one the 
vertical panel load P of the bridge and the other the horizontal 
centrifugal load FP, in which F= V*/32.2 R. The part of the 
vertical load P carried by the outer truss is 


P (6 : 

7; (C+ E,—/sinA) (1) 
while that carried by the inner truss is 

AAA, : 

; (27 Ait Asin) (2) 


The direction of the centrifugal load is radial but.it is sufficiently 
close except in bridges of very unusual design to regard its 
direction as perpendicular to the planes of the trusses. The 
reaction of the horizontal load FF is in the plane of the lateral 
system, and hence it causes an overturning moment equal to 
fPdcosA which increases the panel load on the outer truss and 
teduces that on the inner one by 


FPd cosd /b (3) 


These two vertical loads, tke one on the outer truss acting dowp 
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ward and that on the inner truss acting upward, together with a 
horizontal panel load FP acting on the lateral system, may there- 
fore replace the centrifugal load FP applied at G. 

Since it is desired, however, to obtain the greatest values of 
the resultant panel loads, the load just found will not be con- 
sidered for the inner truss. Accordingly, the greatest panel 
load on the outer truss is 


A 42 Pd cos SA sind —£, | (4) 


and the greatest panel load on the inner truss is 
elt Ex, 2(h sind - 3 (5) 


the first of these loads being found by adding the quantities (1) 
and (3), and the second by merely transforming the quantity (2) 
into a more convenient form for practical use. The horizontal 
panel load on the lateral system is /P. 


Because the eccentricity Z, is variable, the last term inclosed 
in brackets in both (4) and (5) must be computed for the end of 
each panel. As the load carried to each floor beam is a part of 
that covering two panels, the average eccentricity for this dis- 
tance is taken instead of that at the floor beam under consider- 
ation. : . 

In order to find the stress in any member of either main truss, 
it is necessary to compute all the panel loads as though the bridge 
had a regular straight track for that position of the axle loads 
which gives the greatest stress as determined in Art. 42, 43 or 
45. The panel loads are found by means of the formula 


P,=(Ma— 2M, + Mia)/p 
in which P, is the load at the panel point x; J/,_,, MW, and 


M,4, are the sums of the moments of all preceding axle loads 
about the panel points z — 1, x and x +1 respectively; and 7 is 
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the panel length. The panel loads are then computed for the 
inner and outer trusses, and from these loads the required stress 
in the truss member is found by the method of shears or of 
moments as previously explained. 


The shears and bending moments for the lateral system may 
be found directly from the corresponding shears and moments 
in the trusses when the track on the bridge is straight, since 
their panel loads are proportional. If the latter diagonals are 
stiff members, the average of the moments at the ends of each 
panel should be used for the chord stresses as explained in Art. 
53. Some engineers increase the stresses in the lateral system 
50 percent to make provision for future increase in the live load, 


An example in which the stresses due to centrifugal load are 
completely worked out for a through Pratt truss bridge of eight 
panels, and a span of 1874 feet, may be found in Stresses in 
Railway Bridges on Curves by Warp BaLpwin in Transactions 
American Society of Civil Engineers, Vol. 25, page 459, Novem- 
ber, 1891. The article also gives an investigation relating to 
the location of the track in order to equalize as nearly as pos- 
sible the two sets of combined stresses due to live and cen- 
trifugal loads, as well as giving the computation of shears and 
moments in stringers and floor beams for both conditions. 


Using the same notation for this 8-panel truss as for the one 
in Fig. 41 0, the stresses due to centrifugal load (exclusive of 
those from the lateral system) and reduced to percentages of 
the corresponding live load stresses for a straight track, are 
given in the following table: 


{ Outer truss 7.8 aot 9.4 6.1 7.8 
Inner truss 
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—_—_—_—_—— |_ ———- | SO | 


Outer truss 5-1 9-3 | 10.3 | 10.3 9-6 9.6 Y 
Inner truss | — 3.7 | —4.1 | — 6.4 


The average for the chord members is 7.8 and for the web 
members 8.3 percent. The middle term in formula (4) repre- 
sents 3.9 percent and the last term the remainder. When the 
stresses in the lateral system are added, the values for the lower 
chord are for ad, 15.2; bc, 30.8; cd, 29.0; and de, 28.1 percent. 


The considerable labor involved in computing all the panel 
loads for every different position of the axle loads may be 
avoided by using the equivalent live panel load which causes 
the same shear in the end panel of the truss (Art. 47), in order 
to compute the stresses in the main trusses due to centrifugal 
load only. In the example quoted above the extreme difference 
for any member is about one-half of one percent of the live load 
stress, and in most ‘cases it is materially less. As the stress in 
the suspender Bd depends only upon the greatest floor-beam 
load, it is preferable to use the true panel load. 


In most cases where the span is short and the curve com- 
paratively light an approximate method may be adopted which 
involves only the eccentricity # at the center of the span. Eor 
instance, the use of the panel loads P( + m)/2 6 in a deck rail- 
road bridge whose span is 96 feet, depth 10 feet, distance from 
trusses to nearest center of track 64 feet and the track on a 
3-degree curve gave results which did not vary more than 
21 percent from the stresses computed by the method of using 
the eccentricity of the track at every panel point. The trusses 
were the Warren with sub-verticals having ten panels. 


Prob. 57 a. Compute the value of F for a 2-degree and for a 10-degree 
curve, using the speed above cited from Cooprr’s Specifications. 
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Prob. 57 4. Ina through Pratt truss bridge the panel length is 23 feet 
51 inches, the distance between centers of trusses is 18 feet 6 inches, 
the curve of the track is 3 degrees and the eccentricity of its center 
line is —13%, — 13% and +77; inches for panel points a, 4 and ¢ 
respectively. The live loading is Cooper’s class E4o. Compute the 
stress due to centrifugal load in the suspender of each truss, provided 
the super-elevation of the outer rail is such that sind = J, and the 
distance d= 78 inches (Fig. 57). 


ArT. 58. STRESSES DUE TO IMPACT. 


Impact may be defined as the dynamic effect of a live load, 
and depends upon the conditions under which the live load is 
applied to the bridge. These conditions include the character 
of the track, both on the bridge and its approaches, the action 
of insufficiently balanced locomotive drivers, the reciprocating 
motion and vibration of the machinery, the velocity of the train 
and the dynamic action due to the deflection of the bridge. 


In the absence of extensive experiments to determine the 
difference between the actual stresses in trusses under various 
locomotive and train loads moving over bridges at different 
speeds, and the stresses for the same loads at rest, considerable 
diversity exists in the methods employed by bridge engineers to 
determine a proper allowance for impact and vibration to be 
added to the computed stresses due to live load. 


The first method adopted in this country which involved a 
systematic attempt to evaluate separately the dynamic effect of 
the live load was developed by Cuartes C. SCHNEIDER, pub- 
lished in 1887, and now incorporated in the Specifications of 
the American Bridge Company and in those of various railroad 
bridge departments. The effect of impact and vibration is 
determined by the following formula: 


is 300 
is S(z + =a) 
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in which J is the impact stress to be added to the computed 
live load stress S, and Z, is the loaded distance in feet that 
produces the greatest stress in the member. The evolution of 
_ this formula is recorded in Transactions American Society of 
Civil Engineers, Vol. 34, page 331, October, 1895. 


Another formula in which the allowance for impact depends 
upon Z,, the loaded length of the bridge, is that of WADDELL, 
the above numbers 300 in the numerator and denominator 
being replaced by 400 and 500 respectively. The quantity in 
the parenthesis may be called the coefficient of impact. 


A formula of a different type in which the coefficient depends 
on both dead and live load stresses has been advocated by 
PRICHARD (see Trans. Am. Soc. C. E., Vol. 41, page 503, June, 


1899), and is 
Te 1(-45) 
L+D 


in which Z is the computed stress due to the live load (including 
centrifugal load, if any), and D is the dead load stress in the 
member. For counters, however, /=Z and for suspenders or 
sub-verticals 7=1.25 ZL. Incases where D and L have opposite 
signs D is assumed to be zero. 


Sometimes the impact is determined by taking different per- 
centages of the live load stresses whose value is made to depend 
upon the character of the members and occasionally upon their 
position in the truss. The method which was formerly in most 
general use provided for the effect of impact by varying the 
unit-stresses in designing the members, that for the live load 
being frequently taken as one-half of the unit-stress for live 
load. 

For highway bridges WapDDELL specifies a coefficient of im- 
pact equal to 100/(Z' + 150), in which L' is the span in feet. 
The Specifications of the American Bridge Company give a 
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constant coefficient of 25 percent, while the Osborn Engineering 
Company uses the same formula as for railroad bridges, the 
coefficient being L/(Z + D), in which Z and D are the live and 
dead load stresses. 


For example, let the stresses due to impact be found by means 
of the first formula given in this article for the Pratt truss whose 
live load stresses were obtained in Arts. 42, 44 and 46. From 
the positions given in those articles the loaded lengths are 
obtained and together with the live load stresses are inserted in 
the following table: 


ae || TE Be Ce Ca Dd De 


Loaded length 175 50 138 113 113 88 88 

Coefficient of impact 0.632 | 0.857 | 0.685 | 0.728 | 0.728 | 0.773 | 0.773 
Stress due to live load |—305.0| +94.6 |+ 218.7 |—113.6|+146.0| —65.8 | +84.5 
Stress due to impact |—192.8| +81.1 |+149.8|—82.7 |+106.3 —50.9 | +65.3 


Ef Fg ab=be ca de BC N"\GD=DE 
Loaded length 58 32 175 175 175 175 175 


Coefficient of impact | 0.838 | o.gor 0.632 | 0.632 | 0.632 | 0.632 | 0.632 
Stress due to live load | +40.2.| +10.9 |+ 191.5 | + 307.4 | + 364.8 | — 307.4 | — 369.2 
Stress due to impact + 33-7 | +9.8 |+121.0/+194.3 |+ 230.6 — 194.3 |— 233.3 


From these values the coefficients and stresses due to impact 
are computed. The loaded length for Bd is the length of two 
panels only, since no loads except those on the first two panels 
of the bridge cause any stress in that member. As the load 
covers practically the entire span for the greatest chord stresses 
the length is taken equal to the span for all the chord members. 


Facts, principles and methods relating to impact may be found 
in the following papers and their discussions: The Launhardt 
Formula and Railroad Bridge Specifications, by Henry B. Sra- 
MAN, Transactions American Society of Civil Engineers, Vol. 4l, 
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page 140, June, 1899; The Determination of the Safe Working 
Stress for Railway Bridges of Wrought Iron and Steel, by 
E. Hersert Stone, Vol. 41, page 467; Discussion on Wheel 
Concentrations, by O. E. SELsy, Vol. 42, page 233, December, 
1899; and Proposed Specifications for Steel Railroad Bridges, 
by J. W. ScHaus, Journal Western ga! of Engineers, Vol. 5, 
page 347, October, 1900. 


The following articles give the results of determining stresses 
by measuring the deformation of truss members under moving 
trains: The Measurement of Live Load Strains in Bridge 
Members, by J. J. HANKENsoN and W. H. Lepcer, Engineering 
News, Vol. 33, page 300, May 9, 1895; and Some Experiments 
on Bridges under Moving Train Loads, by F. E. TurNEAURE, 
Transactions American Society of Civil Engineers, Vol.:41, page 

410, June, 1899. 


Prob. 58. Compute the stresses due to impact for the truss in Prob. 50. - 


ART. 59. Finat Maximum ANp Minimum STRESSES. 


The maximum and minimum stresses due to dead and live 
loads only for the through Pratt truss of 175 feet span are given 
in Art. 50, the stresses due to impact are given in Art. 58, while 
the methods of computing those due to wind load were explained 


Fig. 59 2. 


in Arts. 53 and 54, although the results were not all recorded 
there. Both diagonals in each panel of the lateral systems are 
assumed to be stiff members. These stresses are now all com- 
bined in order to obtain the extreme limits of stress to which 
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Upper CHORD. Lower Cuorb. 
STRESSES DUE TO x 
BC DE bc ca de 
Dead load —129.1 | —135.1 | —162.1 | +841.1 | +135.1 | +162.1 
Live load — 305.1 | —307.4 | —369.2 | +191.5 | +307.4 + 364.8 
Impact —192.8 | —194.3 | —233-3 | +121.0 | +194.3 | +230.6 
Wind overturning: 
On truss, east —26.4| —165 | —16.5| +16.5 | +16.5 | + 16.5 
On truss, west +26.4| +165 | +165 | —16.5 | —165 | —16.5 
On train, east —27.3 | —28.6| —34.3| +171 | +286] +343 
On train, west +27.3 | +28.6] +34.3] —171 | —28.6] —343 
Wind on truss, east +5.5 | +16.5 | +22.1 | +30.3 | +33-1 
Wind on truss, west —5.5 | —16.5 | —22.1 | —30.3| —33-1 
Wind on train, east +66.2| +91.0] +99.3 


Wind on train, west —66.2 | —9I.0}; —99.3 


Maximum stress — 680.7 | —676.4 | —798.9 | +515.5 | +803.2 | +940.7 
Minimum stress —102.7 | —124.1 | —162.1 | +42.5 | +88.3 | +112.5 


All the stresses are expressed in thousands of pounds, or kips. 


DIAGONALS, VERTICALS 


STRESSES DUE TO 
Be Cd De Fe Bb Ce 


Dead load +86.1| +43.0 ° —86.1| +23.3 
Live load +218.7|+146.0] +84.5 +10.9| +94.6 
Impact +149.8 | +106.3| +65.3 +9.8] -+81.1 
Wind overturning: 
On train, east | +19.5| -++13.0] -+7.8 =f. ate Zak 
On train, west | —19.5| —13.0| —7.8 : —1.3| —7.1 


Maximum stress +474.1 | +308.3 | +157.6 o |+206.1 
Minimum stress 64.1 ° ° ° =|-23:3 


each member is subject. In doing this special attention must 
be given to a few simple facts which are evident when stated. 
The dead load must be included in both maximum and minimum 
stresses, since the weight of the bridge acts constantly. When 
the live load stress is considered in finding any maximum stress, 
the stress due to impact must also be included. If the stresses 
due to wind pressure on the train are taken in any case, then 
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those for the wind pressure on the truss must also be taken; all, 
however, for the same direction ‘of the wind. The stresses due 
to the wind load on the truss may be included or not, but when 
included, both the direct effect of the wind on the lateral system 
and the indirect effect on the trusses, on account of the over- 
turning moment, must then be considered. | 


For example, the maximum stress in BC equals — 135.1 — 
307.4 — 194.3 — 16.5 — 28.6+ 5.5 = — 676.4 kips, while its mini- 
mum stress is — 135.1 + 16.5 —5.5 = —124.1 kips. The mini- 
mum stress in Be equals + 86.1 —(10.9+9.8+1.3)=+ 64.1 
kips, since the counter in the same panel corresponding to Fz 
does not act when the live load crosses the bridge from the left. 
The minimum stress in Bd is the dead panel load, since the wind 
pressure on the truss only causes no stress in this member. The 
minimum stresses in Cc and Dd are both equal to the dead panel 
load at the upper panel points, since they depend upon the man- 
ner in which the section passed as explained in Art. 36. 


The stresses in CD are the same as for DE except the last 
two, which are + 13.8 and — 13.8, making its maximum stress 
— 801.6 kips and the minimum — 159.4 kips. The stresses in 
ab are the same as for dc except the last four, which are + 8.3, 
— 8.3, +24.8 and — 24.8, thus making the maximum stress 
+ 460.3 and the minimum + 56.3 kips. 


One more condition remains to be considered which relates 
to the minimum stresses in the lower chord. When a train of 
empty box cars stands on the bridge the effect of the wind loads 
may cause stresses in one of the trusses which are below the 
minimum values given in the table. Taking the minimum weight 
of the train as 800 pounds per linear foot, the panel load per 
truss is 10 kips and the stresses in the chord members a@, bc, cd 
and de are respectively + 24.2, + 24.2, + 40.3 and + 48.4 kips. 
For west wind the minimum stresses in these members are + 38.6, 


180 FINAL STRESSES FOR BRIDGE TRUSSES. CHApP. IV. 


— 16.6, +9.0 and + 27.3 kips respectively. It is seen that the 
stress in dc is reversed and hence this member must be designed 
to resist compression. It is customary in good practice to design 
the lower chord in the first two panels as stiff members. 


The maximum and minimum stresses in each lateral diagonal 
of the same panel have the same magnitude, one being tension 
and the other compression. Taking the panels in order from 
‘the ends to the middle of the span their values are 6.7, 3.3 and 
o for the upper system; and 40.0, 28.1, 17.6 and 8.6 kips for 
the lower system. (See Art. 53.) 


In case it be desired to design this truss without adjustable 
diagonals as indicated in Fig. 594, the minimum stress in Cd 
changes to — 34.8 kips, and it becomes necessary to find the 
stress in Cc due to live and wind loads when the load comes 
from the left to produce the greatest negative shear. It is seen 
that the value of this shear is the same as that of the greatest 


Fig. 59 4. 


positive shear in Zf, and hence the required live load stress is 
+ 31.3 kips (see table in Art. 44) while that due to wind is 
+ 3.0 kips. The corresponding stress due to impact is + 26.2 
‘kips (Art. 58). The minimum stress_is then found to be — 43.7 
+ 31.3 + 26.2 + 3.0 = + 16.8 kips instead of — 10.2 kips as before. 
Each diagonal in the middle panel may be designed to take the 
alternate stresses of + 78.8 and — 78.8 kips, or, as is sometimes 
specified, to take either a compression or tension of 157.6 kips. 


Prob. 59. Find the maximum and minimum stresses in CD and dc pro- 
vided the laterals are assumed to be adjustable instead of stiff members, 


ArT. 60. RANGES. OF STRESS. 18: 


ART. 60. RANGES OF STRESS. 


In order to gain a thorough knowledge of the duties of vari- 
ous members of a truss it is not only important to know the 
stresses due to the different loads, but also to study the varia- 
tions of stress during the passage of trains across the bridge. 
In Fig. 600 are shown the curves of combined dead and live 
load stresses in one chord member and in all the web members 
of the truss whose skeleton diagram is given in Fig.60a. The 
span is 222 feet 9 inches and the live load consists of two 136- 
ton locomotives (WaADDELL’s class U) followed by a uniform 
train load of 4000 pounds per linear foot for a length equal to 
the span. : 

The abscissas in the diagram represent panel lengths nut. 
bered from the right-hand support of the truss, while the ordi- 
nate at any point represents the combined dead and live load 
stress when the first wheel of the locomotive is at that point. 
For example, the stress in the diagonal Bc is 166.1 kips when 
wheel 1 is at panel point 8, while it is 125.0 kips when wheel I 
is 16 panel lengths from the right support. Since the distance 
from wheel 1 to the head of the uniform train load is nearly 43 
panel lengths, the ordinates nearly halfway between 13 and 14 
represent the corresponding stresses in the members when the 
entire span is covered by the uniform load. As the load con- 
tinues to advance, the right or rear end of the train passes 
across the bridge. The end ordinates represent stresses due to 
dead load only. The dead panel load is 29.7 kips, of which 11.1 
kips are applied at the upper panel points. The curves show 
not only the changes in stress as the load advances from right 
to left but also the rate of change. The rate of change for the 
different chord members decreases as the member is farther from 
the middle of the span. The same statement is true in regard 
to the diagonals, although the maximum stress increases. ie 
greatest rate of change occurs in the stresses of the suspender. 
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As shown in the diagram the stress in the suspender is not 
affected by the live load until the first wheel passes panel point 
7 and reaches its maximum value before wheel 1 reaches panel 
point 9, or the left end of the span; the stress then drops down 
rapidly under the tender of the first locomotive, rises to a second 
maximum under the engine of the second locomotive, drops 
again under the tender, and then continues: unchanged while 
the train covers the first two panels of the bridge. 


The stresses in the verticals pass from compression to tension 
after the maximum is reached in each case, and then back again 
to compression. A slight change in the form of the truss would 
cause the curve for Dd to cross the zero line four times instead 
of twice. When the chords are parallel, however, the minimum 
compression in any vertical that is adjacent to a counter tie 
equals the upper dead panel load (which in this case is 11.1 kips) 
and accordingly the middle portion of the curve will be parallel 
to and a short distance below the axis. 

When the live load crosses the bridge in the opposite: direc- 
tion or from the nearer end of the span with respect to the 
members, the forms of the stress curves are somewhat different 
on account of the excess in weight of the locomotive over that 
of the train. Portions of the curves for the diagonals De and 
dE are shown at the left end of the diagram in dotted lines. A. 
study of all the curves will indicate why the stress due to im- 
pact is made to depend upon the loaded length of the truss 
which causes the maximum stress in any member (Art. 58). 
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Prob. 60. Construct the stress curves for the web members 10, 11 
and 11’ of the deck Pratt truss in Art. 36, when a series or train of 12 
panel live loads of 88.85 kips each, move a panel length at a time acrosg 
the bridge. 


ArT. 61. COMPUTATION OF STRESSES IN PRACTICE. * 


The numerical operations required in the computations of 
stresses should be made as few and as simple as possible. For 
several reasons, the principal one being that of economy, most 
framed structures which the engineer is required to design are ~ 
selected from a few well-known types. The structures of a 
given type are so similar that it is usually possible to make 
numerical tabulations that may be used for all of them. The 
loads to which they are subjected are also of a very few general 
types, so that tables of moments, shears and panel concentra- 
tions may be prepared to facilitate the computation of stresses. 


Before the computation of stresses is begun, the live load 
should be tabulated like that shown in Fig. 41 a and described 
in Art. 41. When many computations are to be made for the 
same live load it is convenient to use a table in which are given 
the shears at the end, quarter-point and center of the span re- 
spectively, the maximum bending moment and the greatest 
floor-beam concentration for spans varying by 1 foot from about 
10 to 75 feet. Many of the principal specifications for railroad 
bridges contain a similar table. 


In computing the stresses for the main trusses, those due to 
the live load are usually found first. In computing the web 
stresses for axle loads, the formula frequently given is 


V=(M,/1)—(M,/2) 
in which V is the vertical shear in the section, M, the momen: 


s 


* By Clarence Walter Hudson, C. E., “Assistant Engineer, Phoenix prieas Com. 
pany, Phoenixville, Pa. 
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of all the loads on the truss about the right support, JZ, the 
moment of the loads in the panel cut by the section about the 
panel point at its right end, 7 the span and 7 the panel length. 
The use of this tormula requires two divisions which in practice 
ought to be reduced to one, and hence a better formula is 


V=(M,—mM,)/t 


in which # is the number of panels when the panels are all of 
equal length, or the ratio of the span to the given panel length. 


If the web stresses are to be computed for an equivalent uni- 
form live load, the load per panel is to be determined and then 
multiplied by the secant of the angle which the member makes 
with the vertical. The stresses should then be found with the 
aid of a table of coefficients like that below. The upper set of 
coefficients is to be used as multipliers for the method of taking 
a full panel load at each panel point on one side of the section 
under consideration (Art. 31), while the lower set is to be used 
for a continuous and uniformly distributed load, the head of 
which extends partly into the panel cut by the section and which 
gives fractional panel loads at the adjacent panel points (see 
Art. 32). 

With the aid of this table a good approximate check may be 
applied to the stresses computed for axle loads. For example, 
the stress in the inclined end post aB of Fig. 50 was found to 
be 305.0 kips. On dividing this by the coefficient 3.00 for the 
first panel of a 7-panel truss, the value of 101.7 kips is obtained 
for W sec@, in which W is the equivalent uniform panel load, 
and @ is the angle which the diagonals make with the vertical. 
If the stresses in Bc, Cd, De, Ef, and fg be divided by 101.7 
kips, the quotients are 2.15, 1.44, 0.83, 0.40, and O.II respec- 
tively. On comparing these with the coefficients in the table, it 
will be noticed that for the second and third panels the quotients 
are practically equal to the upper coefficients and decrease for 
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Cuap. IV. 


COEFFICIENTS FOR WEB STRESSES, 


PaNEL NuMBER, BEGINNING AT LEFT Enp oF Truss. 


PANELS 
IN 
Truss. | 1 2/\°3 4 5 
1.50 | 0.75 | 0.25 
4 | 1.50 | 0.67 | 0.17 
2.00 | 1.20 | 0.60 | 0,20 
5 | 2.00 | 1.13 | 0.50 | 0.13 
2.50 | 1.67 | 1.00 | 0.50 | 0.17 
6 | 2.50 | 1.60 | 0.90 | 0.40 | 0.10 
3.00 | 2.14 | 1.43 | 0.86 | 0.43 
7 | 3.00 | 2.08 | 1.33 | 0.75 | 0.33 
3.50°| 2.63 | 1.83 | 1.25 | 0.75 
8 | 3.50| 2.57 | 1.79] 1.14 | 0.64 
4.00 | 3.11 | 2.33 | 1.67 | 1.11 
9 | 4.00 | 3.06 | 2.25 | 1.56] 1.00 
4.50 | 3.60 | 2.80 | 2.10 | 1.50 
10 | 4.50 | 3.56 | 2.72 | 2.00 | 1.39 
5.00 | 4.09 | 3.27 | 2.55 | 1.91 
II 5.00 | 4.05 | 3.20 | 2.45 | 1.80 
5-50 | 4.58 | 3-75 | 3.00 | 2.33 
I2 | 5.50] 4.55 | 3.68 | 2.91 | 2.23 
6.00 | 5.08 | 4.23 | 3.46 | 2.77 
13 | 6.00 | 5.04 | 4.17 | 3.38 | 2.67 
6.50 | 5-57 | 4-71 | 3-93 | 3.21 
14 | 6.50 | 5.54) 4.65 | 3.85 | 3.12 


0.14 
0.08 
0.38 
0.29 
0.67 
0.56 
1.00 
0.89 
1.36 
1.25 


1.75 
1.64 


2,08 
2.04 


2.57 
2.46 


0.13 
0.07 


0.33 
0.25 


0.60 
0.50 
0.91 
0.80 


1.25 
1.14 
1.62 
1.50 


2,00 


1.88 


O11 
0.06 
0.30 
0.22 
0.55 
0.45 
0.83 
0.73 
rere 
1.04 
1.50 
1.38 


0.10 
0.06 


0.27 
0.20 


0.50 


0.41 


0.77 
0.67 


1.07 
0.96 


10 | 11 | 12-} 18 
0.09 

0.05 

0.25 | 0.08 

0.18 | 0.04 

0.46 | 0.23 | 0.08 
0.38,489.1 7 | 0.04. 
0.71 | 0.43 | 0.21 | 0.07 
0.62 | 0.35 | 0.15 | 0.04 


succeeding panels, as they should, to 
and lower coefficients in the sixth panel. 


about a mean of the upper 


The computation of the chord stresses for axle loads may also 
be simplified by using the ratio of the lever arm of its left reac- 
tion to the span of the truss in order to find the bending 
moment directly without first computing the value of the reac- 
tion, as explained in Art. 46. For the 7-panel truss mentioned 
in the preceding paragraph these ratios are 4, 2, and ? respec- 


tively. 


With these ratios and a moment diagram like Fig. 
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41a, the labor of computing the bending moments is much 
reduced. 


For chord stresses, due to an equivalent uniform load, a table 
containing another set: of coefficients should be used, these 
values being multipliers for Wtan@, the notation being the same 
as before. The coefficients are found in the manner described 
in Art. 27, and may be used to check the chord stresses, due to 
axle loads, in a similar manner to that described above for the 
web stresses. Extensive use of these tables for the purpose 
named, shows that it is impossible to represent, even for prac- 
tical purposes, the effect of locomotive loading, by any uniform 
load for either the web or the chord members. 


The next step is to estimate the weight of the trusses from 
records of similar structures under similar loads. This weight 
is added to the computed or assumed weights of the track, floor 


COEFFICIENTS FOR CHORD STRESSES. 


NumBer oF PANEL Point From Lerr EnpD (END=o). 


PANELS IN 
Truss, 1 2 3 4 5 6 7 
4 | @s 2 
5 2 3 
6 2.5 4 4-5 
7 3 5 6 
8 355 6 75 
9 4 7 9 
10 4.5 8 10.5 
II 5 9 12 
12 5.5 p&0) 13.5 
13 6 II 15 
14 | 6.5 12 16.5 


This table applies only to chords whose centers of moments are in the same verti- 
cal section as the panel points of the loaded chord. 
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system, lateral and transverse bracing, to obtain the dead load 
per linear foot, from which the dead load stresses are computed. 


ArT. 62. STRESS SHEETS FOR TRUSSED BRIDGES. 


After the stresses have been computed they are recorded or 
skeleton diagrams of the truss and lateral systems, and on this 
sheet are given the data from which the stresses were com. 
puted, as also the composition and sectional areas of the different 
members. Such a drawing is called a ‘stress sheet.’ Plate I 
shows the stress sheet for the American Bridge Company’s 
standard design of a double-track through pin-connected span, 
150 feet long between centers of end pins. The loading is 
CoopPer’s class E 50 (Art. 40). 


The stresses due to dead and live loads, and the allowance 
for impact, are marked on the skeleton truss diagram alongside 
of the respective members. Similarly, the stresses due to wind 
are marked on the diagram of the lateral systems, the upper 
and lower systems being shown on opposite sides of the center 
line. The maximum shears and moments in the stringers and 
floor beams are also recorded on the right half of the sheet, as 
well as shears and moments for dead load, live load and impact; 
Chap. VI gives methods by which these are computed. 


The general dimensions are marked on the skeleton plan and 
elevation, as well as on the combined end elevation and cross- 
section, which shows the form of the portal and sway bracing, 
as well as some parts of the floor system. The assumed dead 
load is given for the track, floor system, and trusses with their 
bracing separately, both in pounds per linear foot of bridge and 
in panel loads per truss, together with the division of these 
panel loads between the upper and lower panel points. Plate I 
also gives the areas of the surfaces exposed to the wind for the 
upper and lower half of the bridge; data which are usually not 
given on stress sheets. 
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The rest of the information given on the stress sheet includes 
the composition of all the members of the trusses, lateral and 
transverse bracing; the composition of the stringers and floor 
beams with their bracing; the diameters of the pins at the 
joints, the lengths of the rollers at the expansion bearings and 
the number of rivets required in the connections of the floor 
system. The specifications governing the design of the mem- 
bers and their details, the material of which the bridge is to be 
constructed, and the diameters of the rivets to be used, are also 
noted on the sheet. The determination of the sectional areas 
is treated in Part III of this text-book. 


Plate II shows the stress sheet for a truss bridge prepared 
under the direction of J. C. BLAND, Engineer of Bridges of the 
Pennsylvania Lines West of Pittsburgh. The bridge is a skew 
bridge but having symmetricai trusses, the span being 132 feet 
8 inches, the depth 30 feet and the width 29 feet 6 inches. 
The squared ends of the floor system on the abutment are 
shown on the half plan of the floor system. Four lines ot 
stringers are placed under each track so that the load is divided 
2qually between them. 


The live load consists of a uniform load cf 5000 pounds per 
linear foot per track, and a concentrated excess load of 50000 
pounds. The stresses in the column marked ‘shock effect’ 
are derived from an assumed vertical shear equal to one-half 
of the concentrated excess load for each web member, while the 
stress in the end members of the lower chord equals the hori- 
zontal component of that in the end post. The stresses in the 
counters and suspenders are increased by 25 percent in the three 
columns for the live load. Shears, bending moments and sec- 
tions for stringers and floor beams are on a second sheet not 
ere reproduced. 
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CHAPTER -V. 
AMERICAN BRIDGE TRUSSES. 


ArT. 63. EARLY AMERICAN BRIDGES. 


The modern bridge truss is the consequence of a development, 
or evolution, in the sense that it exhibits those features of ar- 
rangement and details of construction which have been found 
to be most advantageous. Unsafe and costly forms have been 
discarded, while stable and economical forms have survived. A 
brief explanation of these elements of stability and economy 
will have to be given in connection with the history of truss 
development in the United States. 

The king-post truss, first used for a roof, was the parent of 
all trussed structures. When this was used as a bridge and the 
load placed on the lower chord, a vertical tie was introduced, as 
in Fig. 63 a. For a longer span the form of Fig. 63 4, known 
as the queen-post truss, naturally followed, and for a still longer 


ZN ZN AAAS 


Fig. 63 a. Fig. 63 4, Biggdosies 


span the form of Fig. 63¢. The idea in the last case was to 
carry the load at the foot of a tie to the upper chord and then 
transfer it to the abutment by the shortest route. This was 
za simple idea but it proved uneconomical on account of the 
long braces, the stresses in which increase both with the length 
and the angle of inclination to the vertical. Nevertheless many 
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- wooden bridges were built on this plan during the eighteenth 
century in both Europe and America, one erected by GRUBEN- 
MANN in Germany in 1758 having the long span of 364 feet. 


A second and far more fruitful line of development was that 
introduced near the end of the eighteenth century by TimoTHy 
PALMER and THEODORE Burr. This was the panel principle 
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Fig. 63 ¢. Fig. 63 @. Fig. 63 ¢. 


by which a load, after having been carried to the upper chord, 
was brought down again to the lower chord by the panel brace 
and thus ultimately to the abutment. This principle may also 
be regarded as arising from the king-post truss, the addition of 
a panel on each side giving Fig. 63 d, and Fig. 63 ¢ being derived 
from this by a similar addition. Thus arose the Burr truss, 
the parent of nearly all the forms of bridge trusses now com- 
monly used. Although so defective in rigidity under the action 
of a live load, that it was generally stiffened by an arch, its 
panel principle proved an element of great economic value. 


In 1837 panel counterbraces were introduced by STEPHEN 
H. Lone, and several bridges were built by him on the Balti- 
more and Ohio Railroad. These were timber trusses and the 
spans were short, but to Lone is due the great credit of giving 
a clear explanation of the functions of counters in preventing. 
the distortion of the truss. 


In 1840 WittiaM Howe introduced a truss which used both 
the panel principle and counters, and which had simple details. 
Like the Burr and Long trusses, the verticals are in tension 
and the diagonals in compression, but Howe made the verticals 
of wrought-iron rods while his timber diagonals butted against 
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angle blocks of hard wood or cast iron. From 1840 to 1870 
more bridges were built in the United States on the Howe plan 
than on any other, the spans being usually from 100 to 150 feet, 
and the longest span 300 feet. It had all the advantages of 
the panel system and of the stiffness due to the counter braces, 
while its simplicity of design rendered it more economical than 
‘previous forms. The Howe truss is still in use for short spans 
in localities where steel structures would be expensive. 


In 1844 THomas and CaLeB Pratt patented a truss of timber 
and wrought iron in which the new and important idea was 
introduced of using the iron rods as diagonals and the timber 
struts as verticals. Fig. 637 shows the deck form of Howe 
truss, and Fig. 63 ¢ the deck Pratt truss, and the latter can be 


Fig, 63 f, Fig. 63 2. 
regarded as derived from the former by interchanging the web 
ties and struts except in the end panels. This change rendered 
the web struts shorter than before and thus much material was 
saved, since the size of a compression member increases with 
its length, About 1850 the Pratt truss began to be built wholly 
in iron, cast iron being used for the compressive members and 
wrought iron for the tensile; here the advantage of the system 


_ proved greater than before, and the truss has been widely used 
ever since, while from it other forms of trusses have been derived. 


In 1847 SQuirE WHIPPLE published a book advocating a truss 
with a double system of webbing of the Pratt type. This type, 
known as the Whipple truss and described in Art. 66, was ex- 
tensively built for many years. He also advocated a truss with 
a curved upper chord, and before 1850 he had built twenty such 
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bridges over the Erie Canal. This type, often known as the 
bowstring truss, is described in Art.67, and has led to great 
economy, since the curvature of the chord renders the stresses 
in both chord and web members approximately equal and thus 
renders it possible to make many pieces of the same size. 


Prior to 1850 the most important elements of economic truss 
arrangement had been devised, namely, the panel system, 
counterbracing of the panels, short compression members in 
the webbing and the curvature of the upper chord. The prob- 
lem of keeping the panel lengths within proper limits for long 
spans had not been solved except in the Whipple truss, and 
better ways were yet to be invented. In the following articles 
the labors of Fink, BoLttMAN and WHIPPLE in this connection 
are discussed, and it will be seen how, about 1870, the problem 
was solved in the use of sub-verticals whereby the Baltimore 
truss (Art. 26) wes devised. 

Prob. 63. Consult Cooper’s paper on American Railroad Bridges, 
in Transactions of American Society of Civil Engineers for 1889, and 
ascertain when and where the first bridge with all members of wrought 
iron was built in the United States. 


Art. 64. BOLLMAN AND FINK TRUSSES. 


Fig. 64 a shows the truss introduced by WENDELL BOLLMAN 
about 1850, which was built to some extent in the following 
twenty years for 
short spans. It 
consists of a series 
of inverted unsym- | | | | | 
metrical king-post é Peete e if 
trusses, AdG, AcG, BEA 
etc., each of which carries the load resting upon it. Counter 
ties, shown by the broken lines, are placed in each panel to 
stiffen the structure. The upper chord and the verticals are in 
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compression while the other members are in tension, and there 
is no lower chord. The figvre shows the deck form of the 
bridge, but it was also used with tnrough trusses, the floor being 
attached to the lower ends of the post and forming apparently a 
lower chord. A through Bollman bridge of 124 feet span was 
built across the Potomac River at Harper’s Ferry, Va., in 1852, 
and carried railroad traffic until 1893. The truss had eight 
panels of 18 feet depth, the upper chords and posts being cast 
iron, as also were the four end towers which bore the entire 
weight of the bridge, and it had screw connections at the 
joints. See Plate XII in Transactions American Society of 
Civil Engineers, Vol. 21, July, 1889. 


The stress on any post of the Bollman deck truss is due only 
to the panel load, and this is carried by the two inclines cies to 
the abutments. Thus a load at C is carried to the abutments by 
the inclined ties Ac and cG, and does not affect the other posts 
and ties. The maximum stress in the upper chord occurs under 
the full train load when all the inclined ties are brought into 
action. The counters have no static stresses which can be com- 
puted. This form of truss proved an expensive one, and was 
confined entirely to short spans; none have been built since 
about 1880, and only a few of the old ones remain in use. 


NE’ 


Fig. 64 4. 


The truss introduced by ALBERT Fink in 1852 has also no 
lower chord, and consists of a series of inverted: king-post 
trusses arranged one within the other as seen in Fig. 64 4, 
_ the primary being Ae/, the secondary Acé&, and tertiary AdC, 
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BOLLMAN AND FINK TRUSSES. 


ART. 64. 
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CdE, etc. Diagonal counters Bc, cD, etc., may also be placed in 
the panels to stiffen the structure. The vertical members are 
struts and all the diagonals are ties. The first bridge of this 
kind was that built in 1852 over the Monongahela River at 
“Fairmont, W.Va. Its posts and upper chords were cast iron, 
but it had pin-connected joints. This was a through bridge and 
~earried railroad traffic until 1886. See Plate XIII in Transac- 
tions American Society of Civil Engineers, Vol. 21, July, 1889. 
The Fink truss was far more frequently used in deck than in 
_ through bridges, and was generally employed in the earlier iron 
viaducts. The longest Fink trusses ever built were 3063 feet in 
span, these being in the railroad bridge across the Missouri 
River at St. Charles, which was built in 1871, these trusses 
remaining in service until 1884. A Fink truss of 2454 feet 
span, built in 1870, over the Ohio River at Louisville, was still 
in active service in 1904. 


The stresses for the Fink truss are readily computed, the 
maximum occurring when the bridge is fully loaded. Thus, 
one-half of the panel load at ZB is carried to A and one-half to C 
by the ties 44 and Cé, while one-half of that at D is carried to 
C and one-half to £. The stresses in Bb and Dd are hence one 
panel load, and that in Cc is two panel loads, and that in Ze 
is four panel loads. The chord stresses are the same for all 
panels. The Fink truss was used much more extensively than 
the Bollman form, but it was lacking in rigidity and it proved 
more expensive than other forms, so that it has not been built 
since about 1880. 


Prob. 64 @. Derive the stress in the upper chord of a Bollman truss 
of m panels, # being the panel length, @ the depth of truss and W the 
panel load. 


Prob. 64 4. Prove that the stress in the upper chord of a Fink truss 
of depth @, panel length , with aload Wat each panel point, is 10 Wp/d 
- when there are eight panels, and 42} W2/d when there are sixteen panels. 
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ArT. 65. MvuLTIpLE WEB SYSTEMS. 


Trusses having two or more web systems were extensively 
built prior to 1880, one reason for their use being that the panel 
points were brought nearer together, thus rendering the floor 
stringers shorter. Fig. 65a shows the through and deck forms 
of a double-system ‘Warren truss. In such trusses any vertical 
section will cut more than three mem- 
bers, and as there are only three con- 
ditions of equilibrium, the stresses are 
statically indeterminate. This difficulty 
has been usually overcome by introduc- x 
ing the hypothesis that each system of 
diagonals is stressed only by the loads ies 
which are applied at its panel points. 

Thus, in Fig. 65 0, the loads P are regarded as carried to the 
supports by the diagonals drawn full, while the loads Q are re- 
garded as carried by the diagonals drawn broken. Under this 
hypothesis a double-system truss consists of two independent 


systems or trusses, the chords being common to both. The 
stress in any chord member as cd is then the sum of the stresses 
in 6d and ce as computed for the separate systems. For equal 
panel loads it is more convenient, however, to compute the 
chord stresses directly by the method of chord increments, the 
stresses in the upper and lower chords being obtained sepa- 
rately. If an excess load be employed it should be placed 
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opposite that end of the chord member which is nearest the 
middle of the truss, 


When axle loads are specified their direct use in computations 
by the methods of Arts, 42 to 46 would lead to much com- 
plexity, because of the uncertainties regarding the distribution 
between the separate web systems. In such cascs it is best to 
ascertain the equivalent uniform load for the chords by Art. 47, 
and then proceed as for dead load. For the webbing one or 
more equivalent uniform loads are to be found for different 
parts of the span, or a variable excess load in combination with 
uniform train panel loads as explained in Art. 48. While this 
is somewhat unsatisfactory, it must be remembered that the 
hypothesis regarding the distribution of the load between the 
web systems does not rest upon any theoretic foundation which 
can be regarded as sound, so that the use of equivalent uniform 
loads is certainly justified if the hypothesis be accepted. It 
may be noted, however, that there are exact methods of deter- 
mining the stresses in trusses having two or more web systems, 
provided the cross-sections of the members are known; in 
Art. 94 these methods will be explained. 


Fig. 65¢ shows another type of truss in which sub-verticals 
are added to that in Fig. 65a. In this case the uncertainty of 


SLES 


Fig. 65 ¢. Fig. 65 a. 


distribution between the separate web systems is still greater 
than before. It is customary, however, to assume that the shear 
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in any vertical section is equally divided between the two diago- 
nals cut by the section. Sometimes an additional complication 
is introduced by inserting long verticals midway between the 
sub-verticals in the through form of the truss. 


The same relative length of panel is secured by using four 
systems of diagonal web members without sub-verticals, as 
shown in Fig. 65d@. In this case the same hypothesis is intro- 
duced as for the double-system Warren truss. 


The three different types of Warren trusses here described 
are still built to a limited extent both for railroad and highway 
bridges. Riveted connections are now used in each type, and 
except in a few cases of highway bridges the spans rarely ex- 
ceed 150 feet. One of the principal reasons assigned for thei 
use in railroad bridges is the fact that in a number of instances 
where train wrecks occurred on the bridge and damaged the 
trusses they did not collapse. They are often indiscriminately 
called ‘lattice girders,’ although this name is inappropriate ex 
cept to the quadruple Warren truss in Fig. 65 a. 


The longest double intersection Warren trusses with sub. 
verticals are in a highway bridge built in 1903 over St. Francis 
River at Richmond, in the province of Quebec, Canada, the span 
being 370 feet 10 inches. This is also the longest span with 
riveted connections in America. The Rockville bridge (see Fig. 
65 e), built in 1877, was among the earliest of this type, and was 
replaced by a four-track stone arch bridge in 1902. The long- 
est trusses without the sub-verticals are in the channel spans of 
the railroad bridge over the Missouri River at St. Charles, Mo., 
the span being 318 feet, replacing that shown in Fig. 64¢. 


In Figs. 65 f and 65 g are shown an interior view of a wooden 
lattice truss bridge before it was covered by the roof and siding. 
It is located at Sheldon Junction in Vermont, on the St. John> 
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Fig. 654 Simple Lattice Truss Bridge on the Boston and Maine Railroad before being covered, Built in 1902, 
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Fig. 65. Interior View of Simple Lattice Truss Bridge. 


Fig. 65%. Interior View of Arched Lattice Bridge on the Boston and Maine 
Railroad. Built in 1900, 
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bury and Lake Champlain branch of the Boston and Maine 
Railroad, being built in 1902. The total length of the bridge 
is 400 feet, there being three spans. Each chord consists of 
six parallel sticks placed in pairs on the outside of and between 
the two octuple systems of webbing. This kind of simple truss 
was introduced by IrHteL Town in 1820. See Transactions 
American Society of Civil Engineers, Vol. 21, Plate X. 


Fig. 65 gives an interior view of an arched lattice bridge 
in which a wooden arch is pinned and bolted between the two 
webs of lattice. This bridge crosses the Piscataquag River at 
Goffstown, N.H., on the Boston and Maine Railroad. The 
clear span is 117 feet 24 inches, the clear width 15 feet 1 inch 
and the head room 21 feet, being built in 1900 The arch is 
designed to support the uniform dead and live load by means 
of rods placed 4} feet apart, while the truss serves mainly to 
distribute the concentrated loads; hence this form cannot be 
regarded as a simple truss bridge. It is interesting to note 
that both of the types just described as well as the Howe truss 
bridge still survive in some parts of the country, and are giving 
satisfactory service on railroads. There are also in use quite 
a number of old covered highway bridges with Town lattice 
trusses, one of these being the Halseyville bridge between 
Taughannock Falls and Trumansburg, N.Y., said to have been 
built in 1832. 

Prob. 65. The through highway truss in Fig. 65 4 has a span of 90 
feet and is 20 feet deep. The roadway of the bridge is 16 feet wide in 
the clear and there are no sidewalks. Compute the stresses due to a 
live load of 100 pounds per square foot. 


ArT. 66. WHIPPLE AND Post TRUSSES. 


Fig.66a@ shows the truss devised by SqurrE WHIPPLE in 
1847. His idea was to increase the number of panel points so 
as to render the floor system cheaper by decreasing the length 
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of the stringers, and the plan was widely adopted during the 
following thirty years. The truss is like the Pratt in having 


RRR 


d ~ ZL us 2 
Fig. 66 a. 
the verticals in compression and the diagonals in tension, the 
end vertical, however, being a tie. The figure shows the coun- 
ters in broken lines. 


Both dead and live load stresses must be found for each 
system, the division being somewhat different, however, for the 
chord and web stresses. For the chord stresses the division is 
to be made into two symmetrical systems, as in Fig. 66 0, pro- 
vided the live load is uniform throughout. If the panel loads 
are not equal, or if it consists of an excess load combined with 
a uniform train load, the division must be made like that in 
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Fig. 66 4, Fig. 66 ¢. 


Fig. 66c, care being taken to insert those diagonals near the 
middle which are in tension under the combined dead and live 
loading. Only those dead and live load stresses may be added 
to find the maximum stress in any member which are obtained 
under exactly the same conditions; that is, with the same diag: 
onals acting in both cases. 
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When the division is made into two unsymmetrical systems 
there is some ambiguity, due to the fact that the suspenders 
are attached to the panel points B and K which are common 
to both. The panel loads at 4 and & may be equally divided 
between the two systems, or the suspenders may both be in- 
cluded in only one system, the latter arrangement being the 
simpler one, and giving the same stresses. 


For the web stresses, the systems are divided as in Fig. 66 d, 
all the ties sloping one way except those near the right end, 
where it is certain that no counters are needed. On account of 
the uncertainty referred to in 
the preceding paragraph the 
panel loads at 6 and & may be 
_ placed on either system so as 
to produce the maximum or 
minimum stress in any given 
web member. If an excess 
panel load be specified, it is 
placed in the same position to give the greatest shear in any 
web member as though the system containing it were a separate 
truss. The minimum stress in any vertical adjacent to a counter 
tie equals the dead load at the upper panel point, or the same 
as for a Pratt truss (Art. 36). 


The remarks made in the last article regarding stresses from 
axle loads apply also to the Whipple truss. At the best there 
is always a considerable degree of uncertainty in all computed 
stresses except the minimum stresses which are due to the dead 
load alone, and this is one of the reasons why this form has 
mostly gone out of use in the United States. In other coun- 
tries, however, trusses with double systems still continue to be 
built; see Engineering News, April 21, 1904, for illustrations 
of one of 340 feet span. 
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The first Whipple truss built by Squrre Wurppze in 1852 is 
shown on Plate XVI in Transactions American Society of 
Civil Engineers, Vol. 21, July, 1889, and in Engineering News, 
Vol. 10, page 160, April 7, 1883. The longest Whipple trusses 
ever built were erected in 1888 over the Ohio River at Cairo 
in two of the channel spans, each 518 feet 1? inches long. © This 
bridge proved to be practically the last one of importance in 
which pin-connected trusses of this kind were used. Since 
1901, however, a few riveted bridges of this type have been 
built in several of the Western States. The channel span of 
515 feet in the Cincinnati Southern Railway bridge over the 
Ohio River contains Whipple trusses, and when it was built 
in 1877 was the longest truss span in the United States. This 
bridge was still in service in 1904. 


In 1865 Simeon S. Post introduced a new truss, shown in 
Fig. 667, which is intermediate in type between the Whipple 
truss and the double-system Warren truss. The members Aa, 
Bd, Ce, etc., are struts, and the other web members are ties, the 
broken lines ‘indicating counters. The end panel a@ is one-half 
the length of the other panels, so that the web struts have an 


a b ¢ d e é jel eer iE 
Fig. 66 7, 


inclination of one-haif panel for the total depth, and the ties an 
inclination of one and one-half panels. Many bridges were 
built of this type prior to 1875, but since then it has seldom 
~been used. The claim made by Post in its favor was that its 
arrangement of webbing was very economical, because the panel 
load at any point @d was transferred to 0 by a shorter route dBé 
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than in the Whipple truss, while the struts were shorter than in 
the Warren truss. Theoretically the idea of Post was a sound 
one, but the details of the joints were not as simple as in the 
Whipple truss, and it had the same disadvantages of uncertainty 
of stresses. 


The longest spans in which Post trusses have been used are 
in the Missouri River. bridge at Fort Leavenworth. It was 
built in 1872 to accommodate both railway and highway traffic, 
but in 1904 was used only as a highway bridge. The trusses 
are of the triple intersection type, instead of the double system 
ordinarily used for shorter spans, and have 26 panels each 13 
feet long and 35 feet deep. 

Prob. 66 @. The truss in Fig. 66 @ has a span of 127 feet rod inches, 
and a depth of 23 feet 3 inches. The dead panel load is 11.625 kips, 
the train panel load is 34.875 and there is one locomotive panel load of 


52.312 kips. Compute the maximum and minimum stresses for the 
members Ba, BS and Be. 


Prob. 66 4. A Post truss, like Fig. 66% has 80 feet span, 20 feet 
depth, the dead load being 500 and the live load 2000 pounds per 
lear foot per truss. Compute the maximum and minimum stresses 
for the members BC, dc, Cc, Ce and dé. 


ArT. 67. Bowstrinc Trusses. 


In a truss with parallel chords the stresses in the chords are 
greatest at the middle and those in the webbing are greatest at 
the ends. Since the stress in any horizontal chord is equal to 


AEX XESS. 


Fig. 67 a. 


the bending moment divided by the depth of the truss, it is 
plain that the chord stresses near the ends may be increased 
by arranging the apex points of the upper chord on a curve as 
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shown in Fig.67a@. The stresses in the web members near the 
ends then become less, since the inclined chord carries some of 
the shear. Under this plan the stresses in the chords, as also 
those in the web members, become approximately equalized, and 
this will be conducive to economy as the cross-section of many 
members may then be made the same. 


Thése economic advantages were first recognized in America 
by SourrE WuipPLeE and will be found in his essay on Bridge 
Building, published at Utica, N.Y., in 1847. Previous to 1850 
he had erected about twenty highway bridges on this plan, these 
having curved upper chords of cast iron and other members of 
wrought iron. Later such trusses were used in other parts of 
the country for highway bridges of short span under the name 
of the ‘bowstring truss.’ The diagonals were tension members, 
while the verticals were arranged so as to take either tension or 
compression. For evident esthetic reasons the apexes of the 
upper chords should lie upon some regular curve, and a parab- 
ola with its vertex at the middle was often used. In this case the 
truss has the remarkable properties that the diagonals are not 
-stressed under uniform load, that the stress in each vertical is 
equal to the panel load, and that the stresses in the lower chord 
are the same in all panels. 


To prove this, let d be the center depth and /the span. Then 
for a uniform load of zw per linear unit, the lower chord stress at 
any distance x from the left support is found by dividing the 
bending moment by the depth of Rigs 
the truss, whence d-y' 


s dwle — dw? 
y Fig. 67. 


in which y is the lever arm for the lower chord at the section. 
To find the value of y consider that the equation of the parabola 
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with reference to its vertex is (1/—+?'=a(d—,y), and, since 
x=0 when y=o0, the parameter a is /?7/4d. Hence 


a 
Pe a (4 — x?) 
Inserting this value of y in the expression for S, it becomes 


= wl?/8 a 


and, because this is constant, the stress in the lower chord is 
uniform throughout. It is now seen that there can be no stresses 
in the diagonals, for the horizontal component of the stress in 
any diagonal equals the difference of the chord stresses in the 
panels at its foot. The panel loads on the lower chord are 
hence carried directly to the upper chord by the verticals. 


When the apexes of the upper chord do not lie upun a pa- 
rabola but on a curve above it, one set of diagi nals is stressed 
under uniform load while the other set comes into action only 
under live load. Fig.67¢ shows the case where the upper chord 
is above the parabola that passes through the supports and the 
highest apex; here the full-line diagonals are in tension under 


uniform load while the broken line diagonals are the counters. 
Fig. 67d shows the case where the upper chord is below the 
parabola; here the diagonals stressed under uniform load are 
also in full lines and the counters in broken lines. In the first 
case the main ties slope from the upper toward the middle of 
the lower chord; in the second case they slope from the lower 
toward the middle of the upper chord. In the first case the 
chord stresses increase from the ends to the middle of the truss; 
in the second case they increase from the middle towards the 
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ends. The proof of these statements consists merely in follow- 
ing out the effect of making y larger or smaller than the ordi- 
nate of the parabola. In Art. 13 may be seen a truss in which 
the chord stresses are greatest at the ends. 


The bowstring truss of WHIPPLE was shallow and the apexes 
of the upper chord lay near the parabola. About 1870, when 
the Pratt truss began to be extensively built in wrought iron, 
the idea of varying its depth was naturally considered and C. H. 
PARKER erected a number for railroad service in New England. 
This form of the Pratt truss with bent upper chord was at that 
time called the Parker truss; it was deeper than the highway 
bowstring trusses and the apexes of the upper chord lay above 
the parabola. Although the credit of the fundamental economic 
ideas belongs to WuippLe, his name cannot well be directly 
applied to designate it, because the term Whipple truss has 
always been used for the double-intersection Pratt truss. For 
the sake of definiteness, therefore, the Pratt truss with bent 
upper chord will hereafter, in this book, be called the Parker 
truss. Since 1890 Parker trusses have been widely built for 
both highway and railroad service. 


The stresses in a truss with bent upper chord due to a given 
system of loads are readily computed by the general methods 
of Chap. I. For a chord member the rules for placing the live 
load so as to give the greatest stresses are the same as those of 
Arts. 33 and 45, since the demonstrations of those articles make 
no assumptions regarding the parallelism of the chords. Fora 
web member, however, the proper positions are the same as 
stated in Art. 31 only when panel loads are used; for other 
cases it cannot be found by the rules of Arts..43 and 44 since 
these articles assume that the chords are parallel; in Art. 
69 rules for these cases will be deduced for non-parallel] 
chords. 
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The formula S= Vsec@ for a web member is not applicable 
to a truss. with bent upper chord, because a part of the shear 7 
is carried by the upper chord member. The best method for 
finding the stress in a web member is generally by moments, 
the center of moments being at the intersection of the two 
chord members which are cut by the section. 


The Sixth Street bridge over the Allegheny River at Pittsburgh 
with a span of 439 feet 3 inches and a depth at the middle of 
79 feet has the longest trusses which may practically be classed 
as bowstring trusses, although the change of curvature at the 
first panel point of the upper chord is somewhat greater than 
elsewhere. It was completed in 1893. The next. in size are 
the trusses of the St. Paul Street bridge over Jones Falls Creek 
in Baltimore, Md. The upper panel points lie in the arc of a 
circle. The trusses have a span of 280 feet, a depth at the 
middle of 30 feet and are 40 feet apart. 


The lenticular truss shown in Fig. 67/ has been also used for 
highway bridges to a slight extent. The broken lines show the 
roadway and its connection to the truss, the vertical end pieces 
being heavy posts and the others tension rods. The roadway 
may also be placed higher and 
be attached to the verticals 
of the truss. This form hes 
the same theoretic advantages 
as the common _ bowstring 
truss but no additional ones, so that its use has been limited. 
The bridge built in 1859 at Saltash, England, had two spans of 
455 feet each, which are the longest of this lenticular style. 
The longest spans in the United States are 360 feet, in) the 
Smithfield Street bridge over the Monongahela River at Pitts- 
burgh. See Engineering News, Vol. 11, page 251, May 24, 
1884. 
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Prob. 67. A parabolic bowstring truss has a span of 120 feet, the - 
lower chord having eight panels, each of 15 feet, and the depth at the 
middle being 24 feet. The dead panel load on the lower chord i is 7500 
pounds. Compute the stress in the lower chord. 


ART. 68. THE PARKER TRUSS UNDER PANEL LOADs. 


Fig. 68 represents a Parker truss (Art. 67), the main diagonals 
being in full lines and the counters.in broken lines. Let the 
span be 143 feet 6 inches, and the depths Bd, Cc, Dd be 20 feet 
6 inches, 25 feet 74 inches, 27 feet 2 inches, respectively. Let 


Fig. 68. 


the dead load per panel be 13 000 pounds or 13.0 kips, one-third 
of which is on the upper chord, and the live load per panel be 
29.4 kips. It is required to compute the stresses in all mem: 
bers due to these loads. 


For the sake of brevity let the panel length be called pf and 
the lever arms of the members be determined in terms of p. 
Under full load the lever arms for the lower chords ac, cd, de 
are 1.0f, 1.25, 1.325p, and those for the upper chords BC, 
CD, DE are 1.2129, 1.3249, 1.325. For the vertical Cc the 
center of moments is at O, where the lines of direction of the 
chords BC and cd intersect, and by similar triangles the lever 
arm Oc is found to be 5.09; likewise the lever arm of Dd is 
+17.67%. For the diagonal Be the lever arm is the normal 
from O to the line of direction of Bc, and by similar triangles 
this is found to be 3. 535; also the lever arms for Ca, De, Co 
are 13.79P, 13.30f, 3.123 ~. Lever arms are not needed for the 
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members Ba, Bb and De, as their stresses may be more easily 
found by resolution of forces than by moments. 


To find the chord stresses under dead load let W be the panel 
load, and the equation of moments be written for each member 
in terms of Wand fg. For the lower chord cd, 


3Wx2p—-Wxp—Sx1.25p=0 S=+4W=+52.0 kips 
For the upper chord CD the equation of moments is 
3Wx3p—W(2pt+p)t+Sx 1.324 p=0 = — 58.9 kips 
Thus all chord stresses under dead load are easily found, the 
length / canceling out from each equation. The chord stresses 
under live load are found by multiplying the dead load stresses 


by 2.262, since this is the ratio of live to dead load and since the 
greatest chord stresses occur when the truss is fully loaded. 


The stresses in the web members under dead load may be 
found by moments. For the diagonal Be the equation is — 


—3Wx3.0p+Wx4.0p—SX3.535p=0 S=+18.4 kips 
For the vertical Dd the equation of moments is 


—3Wx 14.67 p + W(15.67 + 16.67) 
+2Wx17.67p+S x 17.67 p=0 

from which S=o.1 kip. Another method is by resolution of 
forces, using the chord stresses previously found. Thus, the 
horizontal component of the stress in the diagonal Sc must 
equal the difference. of the stresses in the chords cd and dc, or 
S sind = 52.0 — 39.0, and since sin@ is 0.707, the dead load stress 
for Bc is +18.4 kips. Similarly for the vertical Cc, the stress is 
equal to the load at ¢ minus the vertical component of the stress 
in Bc, or S= 2W—(52.0— 39.0) cot#@, whence S= — 4.3 kips. 


To find the stresses in a main diagonal under live load, the 
panel live loads are put on the right of a section cutting that 
member. The rule S=Vsec@ cannot, however, be used except 
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for the middle panel and end post, and the method of moments 
will be employed. Let P be the panel live load. For Ze all 
panel points except 0 are loaded, the reaction is 45 P, the center 
of moments is at O, the equation of moments is 


—P xX 3.0p+ SX3.535f=0 and S=+ 53.5 kips 
- For Cd all panel points except 4 and ¢ are loaded, and the live 
load stress is found to be +44.7 kips. For the diagonal De, the 


panel points e, f, g are loaded, the reaction is $ P and, since 
the chords are parallel, the stress is $ P secO = + 31.6 kips. 


The counters Cé and De may come into action under a live 
load advancing from the left. For De, the live load is at d and « 
only, the reaction is 14 P and the equation of moments is 

—4P x 14.667 + P x 32.332 —S X 13.30f =0 

S=+ 20.5 kips 
The stress in De can, however, never be so great as this, since 
the dead load tends to cause compression in it; this dead load 
stress may be found from the last equation, using the panel load 
W and the reaction 3 W instead of P and JAP, and it is found 
to be — 11.4 kips, so that the maximum stress in Deis +9.1 kips. 
Applying the same method to C¥, it is found that this counter 
can never come intc action, since the tension caused by a live 
load at 4 is Jess than the compression from dead load, and it is 
hence unnecessary to insert it. 


The stresses for the verticals Dd and Ce, due to the same posi- 


tions of the live load may also be computed by moments. For Dd, 
with panel loads at e, f, z, the reaction is * P, and the equation is 


-§Px14.67/-—S x 17.67p=0 and S=— 20.9 kips 
For Cc, with panel loads at de, J; & the stress is —25.2 kips. 
When the live load moves in the opposite direction, there is no 
-omputation to be made for Cz, since it has been shown that the 
" counter Cd can never come into action. For Dd, with panel ioads 
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at 6 and ¢, the stress is compression, but less than that for the 
former case. For £82 the live load stress is P, or +29.4 kips. 


The verticals Cc and Dd may sometimes take tension. For 
live load at 0 only, the live load stress in Cc is +8.4, and for full 
live load at all panel points the live load stress in Dd is + 10.0, 
so that tensions of +4.1 and +10.1 kips prevail. In general 
a tensile stress as large as 3 W may often occur in many of tha 
verticals of a Parker truss, whereas the verticals of a Pratt 
truss are always in compression. If live panel loads less 
than P are placed at some apexes, then the tension may be 
greater still, but it is unnecessary to introduce a refinement 
of this kind, since the verticals are proportioned for compres- 
sive stress and are hence ample in section to carry the smaller 
tension. In a parabolic bowstring truss the greatest tension 
in a vertical is 2W+//, and this is a limit which cannot be 
exceeded. 


The following are the final stresses for the chords of this truss. 
The wind stresses have been computed by the methods of Art. 53, 
the data being that the distance between centers of trusses is 
18 feet, the wind pressure on the lower chord 300 and that on 
the upper chord 150 pounds per linear foot of span, and the 
lateral systems being of the Pratt type. 


aB BC cD DE 


+39.0| +52.0] +589] —55.2| —53-6 —58.9 | —58.9 
+ 88.2 |+117.6 |-+133.1 |—124.7 | —121.4 | —133.2 | —133-1 
+20.0| +33-4| +40.0| +14.1 | —7-I |. —10-5 | —105 
— 33.4 | —40.0| —40.0; —14.1 (e) +7.1 | +10.5 


+-127.2 |+147.2 4203.0 +232.0 |—194.0 |—182.1 | — 202.6 |— 202.5 
+190] +5.6] +120] +189] —4I.1 —53.6 | —51.8| —48.4 


The following are the final stresses for the web members, the 
stresses in the first line being those under dead load alone, and 
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those in the second line due to live load alone. In the third line 
the stresses for C6 and De are due to dead load when the live 
load produces greatest tension, and those for Ce and Dd are due 
to live load. 


Be Cd De Cb De Béb Ce 
Dead +18.4 | +11.0 fe) fo) fo) +8.7 | —43] +08 
Live +535 | +44.7 | +31.6 | +13.4 | +20.5 | +29.4 | —25.2 | —20.9 
| —20.8 | —11.4 +8.4 | +10.0 
Max. +71.9 | +55.7 | +31.6 fo) +9.1 | +381 | —29.5 | —20.8 
Min, +18.4 | +11.0 fe) fo) fe) +8.7 | +4.1 | +10.1 


Prob. 68 a. Find the equation of a parabola which passes through 
the points a, D, Z, # in the above figure, and plot it. 


Prob. 68 4. Compute the stresses for several members of the above 
truss, if the depths B4, Cc and Dd be 21, 26 and 26 feet. 


ART. 69. WeEB STRESSES IN PARKER TRUSSES. 


The stress due to live load in a web member of a truss with 
non-parallel chords can be computed by moments after the live 
load has been put in the position to give the greatest stress in 
that member. In the last article only the panel loads on the 
right or left of the member were loaded. To show that this is 
correct, the member Cc of Fig. 68 will be considered. Let 7 be 
its lever arm, and e the distance from the left support to the 
center of moments O. Let each of the panel points on the right 
of a section cutting Cc be loaded, and the reaction due to these 
loads be X; then the stress in Cc due to these loads is given by 
—S/= Re. Now let there be a load Woon the left of the sec- 
tion; then the stress will be found by —S/=Rye— Wee +2), 
where ¢ is the distance of W from the support. But Re is 
greater than Rye —W(e+g), since R,—R is less than W. 
Hence the greatest stress in a web diagonal occurs when the 
live panel loads are placed on the right of the section; also the 
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least stress, or the greatest stress of opposite sign, occurs when 
the live panel loads are on the left of the section. 


The case of true web stress due to a uniform live load, cor- 
responding to that of Art. 32, will now be considered, and it will 
be shown that the position of the end of the load is somewhat 
different from that for a truss with parallel chords. Let the 
figures represent Parker trusses, on which the live load is uni- 
form, and let it be required to find the distance x upon the 
(z+ 1)th panel from the right end, which must be covered by 


the live load in order to give the greatest stress in the members 
marked S. Passing a section cutting the given member and the 
two chords, the center of moments is found at the distance ¢ to 
the left of the left support. Let ~ be the panel length, 7 the 
number of panels in the truss and zw the live load per linear 
unit. The load zr on the (z+1)th panel is carriec by the 
stringer to the panel points z and +1; the load at x being 
wa(p—4-x)/p, while that at n+t1 is 4 wxr*/p, whence the 
reaction R& of the left support, due to the total live load, is 
mwnx . wae up 


GS mt oy Pomp 


Now let 7 be the lever arm of the stress S; then the equation 
of moments is S7— Re + mu(e+f)=0, where 74; represents 
the load at ~+1. Accordingly, the value of S due to the total 
live load on the bridge is given by 
2 2 ve 
Sla (a wx +2), Sets) 


mM 2mup 2ut 
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The value of x, which renders S a maximum, is now found by 
the usual method, and it contains the ratio (e+ f)/e. Let & be 
the vertical distance from the support to the line of the cut 
chord produced, and % be the depth of the truss at the panel 
point +1; then (e+/)/e equals Z/, and the value of x is 
n 
~ in(li[)— 1? 

which is always less than that found in Art. 32, since the ratia 
h/k is greater than unity. The total live load on the bridge 
is now found to be m(//z) times the live load on the panel, 
whereas in Art. 32 it was simply m times as great. 


When the uniform live load is preceded by axle loads of a 
locomotive and tender, the investigation is similar to that of - 
Art. 43, the distances e and f being introduced as above, and 
finally the ratio #/Z. Let P' be the load on the panel and W 
the total live load on the bridge; then the condition that renders 
the stress S a maximum is found to be 

ae 

hm 
and the load on the panel is less than for parallel chords, since 
k/h is always less than unity. 


The value of & may be measured on a diagram, or the ratio 
k/i may be computed by similar triangles. For the diagonal in 
Fig. 69 2 this ratio is 


k/h=m —n—(m— 2 —1)(Vn/Tinsr) 


and for the vertical in Fig.694 the same formula applies bv 
increasing z by unity. For parallel chords hy [Fins is unity, and 
hence £// is also unity. 


As shown in Art. 32 the stress computed for a web member 
will be a little greater if the load carried to the panel z+1 be 
omitted. This method is on the side of safety and is generally 
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followed in practice. For the case of uniform live load, no load 
is placed at 7+ 1 and a full panel load at ~, as was done in the 
last article. For the case of axle loads, the first driver is put at 
z and the pilot wheel neglected. This method abridges the 
computations, since the left reaction and the stress S are the 
only forces in the moment equation ; thus, if the lever arm Z be 
drawn in the above figures, S/— Re=o for the diagonal and 
S/+ Re=0 for the vertical member. For the diagonal / equals 
(e+f+p)cos@, where @ is the angle between diagonal and ver- 
tical, and for the vertical 7 equals e+. From similar triangles 
the value of e/(e+f+/) is #/' for the diagonal, and the value 
of e/(¢+/) is &/ for the vertical, Z' and % being depths of the 
truss atzand#+1. Accordingly 

for a diagonal, S= +(4/h')R secO 

for a vertical, S=—(2£/4)R 
are convenient rules for computing the web stresses. These are 
extensions of the rule S= Vsec@, which applies only to trusses 
with parallel chords. 


On account of the labor involved in the computation of many 
of the lever arms for the stresses it is usually more advanta- 
geous to employ the graphic method for the determination of 
the stresses as well as the required loading, as explained and 
illustrated in Part II of this text-book. 

Prob. 69. Using the locomotive and train load of Fig. 41 2, compute 
the stresses for the diagonal and vertical of the above figures, the span 
being 180 feet, the number of panels 9 and the heights 4, and Any 
being 24 and 20 feet. 


ArT. 70. PENNSYLVANIA AND PEGRAM TRUSSES. 


Trusses with bent upper chords like that of Fig. 68 have been 
extensively used for railroad bridges since 1890, as it is found 
that they are more economical than those with parallel chords, 
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especially for long spans. They are sometimes called camel. 
back trusses instead of bowstring trusses, when the upper chord 
is bent at only two points between the hips, or the tops of the 
end posts. The curve of the upper chord usually lies above the 
parabola (Art. 67), and the end postsare inclined at angles of about 
45 degrees. This arrangement is also used for highway bridge 
trusses, where sometimes three panels of the upper chord near 
the middle are horizontal. A fairly close approach to a regulat 
curve secures a decidedly better appearance than where only 
a single change of direction is made in each half of the 
chord. 

The Pennsylvania truss is like the Baltimore type in having 
subdivided panels, but has a curved upper chord. This form has 
been called the Pettit truss, which designation was introduced 
into engineering literature through an error in the report of 
some foreign commissioners on the Centennial Exposition. The 
name ‘Pettit’s Stiffened Triangular Truss’ was applied to the 
Baltimore truss in 1871, but it soon passed out of use, and the 
latter name became so firmly established that no effort should 
now be made to change it. It seems better, therefore, to adopt 
the term ‘ Pennsylvania truss’ to distinguish that form of Balti- 
more truss in which the upper chord is curved, thereby not only 
correcting an error but also acknowledging and keeping in 
remembrance the very important service rendered in the ra- 
tional development of bridge design by the bridge department 
of the Pennsylvania Railroad. 


The Pennsylvania truss has the advantage of the Baltimore 
type in its subdivided panels and the advantage of the bow- 
string type in rendering more nearly uniform both chord and 
web stresses, while at the same time the disadvantage of the 
double web system of the Whipple type is avoided. Fig. 704 
shows one span, 533 feet long, of the bridge built in 1896 on the 
Pennsylvania Railroad over the Delaware River at Philadelphia. 


e 
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The curve of the upper chord is worthy of especial notice. 
The three horizontal pieces seen in the webbing are not truss 
members, but are stiffeners introduced to prevent flexure of 


Fig. 70a. One Span of the Pennsylvania Railroad Bridge over the Delaware River 
near Philadelphia, Pa, Built in 1896, 


the long vertical posts. Similarly, the extensions of the sub- 
verticals upwards are for the purpose of stiffening the long 
upper chord members. 


The computation of the stresses in the Pennsylvania truss is 
like that of the Baltimore truss (Arts. 26 and 37), except that 
the modifications rendered necessary from the curvature of the 
upper chord must be taken into account by the methods of the 
preceding articles. Each sub-vertical takes a stress due to its’ 
panel load and the sub-diagonal carries one-half of this load to 
the adjacent panel points; in Fig. 70 a this sub-diagonal runs to 
the upper chord amd is in tension, but frequently it runs to the 
lower chord and is in compression. This form of simple truss 
appears to possess the highest degree of economy for long 
spans, and it has been extensively built in the United States. 


The determination of the correct positions of the locomotive 
axle loads and the greatest stresses which they cause in members 
of this truss are described in Part II, the methods of graphic 


224 AMERICAN BRIDGE TRUSSES. Cuap. V. 


analysis being much more convenient for this purpose than the 
analytic methods. In applying them the student will find it 
very helpful to keep in mind the relation between the stresses in 
the web members when the truss is regarded as a compound of 
the Parker truss with secondary king-post trusses as explained 
in Arts. 26 and 37 in connection with the Baltimore truss. 


Fig. 704 shows a truss introduced by GEORGE H. PEGRAM in 
1887 which has a bent upper chord, the webbing near the middle 
being of the Pratt type and that near the ends of the Warren 
type. The lower chord has an odd number of panels, all of the 
same length. The upper chord has the same number of panels 
approximately equal in length but shorter than those in the 


lower chord. The upper panel points are on an arc of a circle 
through A and 4, the tops of the end posts; the distance AH 
is about one and one-half panel lengths shorter than the span, 
while the rise of the circle is such as to make the posts Bd, Ce, 
Dad, etc., nearly equal in length. The counter-ties are shown by 
broken lines. The truss resembles that of the Post in having 
the web struts inclined, but in its curved upper chord it re 
sembles the bowstring type. For details of this truss see 
Engineering News, Feb. 14,1891. The longest Pegram trusses 
with spans of 217 feet are contained in bridges 334 and 335 on 
the Idaho Division of the Oregon Short Line Railroad, on cross- 
ings over Snake River, built in 1894. This kind of truss con- 
tinues to be used occasionally as a roof truss, but has not been 
employed in any bridge since 1897. 
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The computation of stresses for given loads is readily effected 
by the application of the principles of the preceding chapters. 
When stresses are required for locomotive axle loads the equiva- 
lent uniform load may be found by Art. 47 or the computation 
may be directly made, the load being placed in proper position 
for a chord member by the aid of formula (1) in Art. 45, 
and for a web member by that of Art.69. The following 
problem specifies live panel loads, which would be allowable 
for a highway bridge. The stresses for the lower chords in this 
case are + 90.0, + 130.1, + 150.4, +159.4 kips, and those for 
the upper chords are — 118.4, — 152.2, — 162.2, — 159.4 kips; 
if the dead panel load be 18 kips, all on the lower chord, the 
dead load stresses are one-half of these values. 


Prob. 70. In Fig. 704 the panel length is 20 feet, the distance 47 
is 112 feet, the horizontal distances of the panel points 4, 8B, C and D 
from @ are 14.00, 29.66, 45.77 and 62.17 feet, while their heights above 
the lower chord are 16.80, 21.95, 25.39 and 27.10 feet. Compute the 
live load stresses in BC, dc, Bb and Be, the panel load being 36 kips. 


Art. 71. LonG Span SIMPLE BRIDGES. 


The following table contains a list of all simple truss bridges 
in America having spans of 400 feet or more. It is the result 
of extensive correspondence and of search through engineering 
periodicals, especial care being taken to secure accuracy in the 
data herewith presented. The list is believed to be complete to 
1911. The necessity for long span bridges arose primarily from 
the westward extension of transportation facilities over the Ohio 
River and its principal tributaries and later over the Mississippi 
and Missouri rivers. The length of span was at first deter- 

mined mainly by considerations of economy, but afterwards the 
controlling condition was frequently imposed by the increased 
requirements of the United States government in the interests 
of navigation. 
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LONG SPAN SIMPLE BRIDGES. 


| Span CEn- 
da| TER To KIND OF 
Ze CENTER OF Truss. 
By Enp Pins. 
Stron 40) 
r | 668 o | Pennsylvania 
2| 615 21 | Pennsylvania 
3 | 586 o | Pennsylvania 
4| 546 6 | Pennsylvania 
5 | 542 6 | Pennsylvania 
6| 533 o | Pennsylvania 
7 | 523 © | Pennsylvania 
8 | 522 o | Pennsylvania 
g | 52m 112 | Warren, with 
sub-verticals 
Io | 519 23 | Pennsylvania 
Iz | 518 12 | Whipple 
I2| 518 o | Pennsylvania 
' 13 | 518 o | Pennsylvania 
14 | 517 8% | Pennsylvania 
' IS | 517 6 | Pennsylvania 
16 | 517 6 | Baltimore 
17 | 517 6 | Pennsylvania 
18 | 515 o | Whipple 
Ig} 515 o | Pennsylvania 
20 | 515 o | Pennsylvania 
21} 506 8 | Pennsylvania 
22 | 504 114 | Pennsylvania 
23} 500 o | Pennsylvania 
24 | 498 o | Pennsylvania 
25 | 495 83 | Pennsylvania 
26 | 465 of | Parker 
27| 453 10 | Pennsylvania 
| 28 | 450 o | Pennsylvania 
| 29 450 o | Pennsylvania 
30 | 450 oO | Pennsylvania 
31 | 447 0 | Pennsylvania 
| 32 440 o | Baltimore 
33 | 439 3 | Pennsylvania 
34 | 435 10 | Baltimore 
35 | 430 o | Pennsylvania 
36 | 425 6 | Baltimore 
37 | 419 Io} | Pennsylvania 
38 | 416 6 | Pennsylvania 
39 | 416 of | Pennsylvania 
415 78 | Pennsylvania 


OvER WHAT 
RIVER. 


Mississippi 
Ohio 

Great Miami 
Ohio 

Ohio 
Delaware 
Ohio 

Ohio 

Ohio 


Ohio 

Ohio 
Susquehanna 
Ohio 
Monongahela 
Mississippi 
Allegheny 
Mississippi 
Ohio 
Monongahela 
Monongahela 
Ohio 
Allegheny 
Missouri 
Monongahela 
Monongahela 
Miami 
Monongahela 
Brazos 
Monongahela 
Copper River 
Allegheny 
Missouri 
Allegheny 
Miami 
Mississippi 
Missouri 
Missouri 
Columbia 
Missouri 
Ohio 


CHAP. V. 


ay/ 2/58 
Location. 5Q E/BS2 
te/s|/<o0 
MA )D AO 
St. Louis (Municipal) 2 |*| Torr 
Louisville; New Albany | 2 | *| 1912 
Elizabethtown, O. * | 1906 
Louisville; Jeffersonville} 1 1894 
Cincinnati; Covington 2 .| * | 1889 
Philadelphia, Pa. 2 1896 
Pittsburgh (Brunot’s Id.) | 1 1890 
Wheeling, W. Va. I 1890 
Henderson, Ky. I 1885 
Wheeling, W. Va. * | 1892 
Cairo, Ill. r I 1889 
Havre de Grace, Md. 1909 
Kenora, W. Va. I IgI2 
Glenwood, Pa. * | 1895 
St. Louis (Merchants’) 1890 
Denny Sta. (Bessemer) I 1897 
St. Louis (McKinley) * | I9IO 
Cincinnati, O. ie 1877 
West Braddock, Pa. * | 1897 
Webster; Donora, Pa. * | 1909 
Newport; Cincinnati I | * | 1896 
Oakmont, Pa. * | I9I0 
Sioux City, Ia. Ti * |r895 
Clairton, Pa. 2 1903 
Rankin, Pa. 2 1900 
New Baltimore, O. * | Igo1 
Pittsburgh (S. Tenth St.) * | 1904 
Waco, Tex. * | T902 
Monongahela City, Pa. * | 1909 
Miles Glacier, Alaska I IgIo 
Mossgrove, Pa. I 1899 
Bellefontaine, Mo. 2 1893 
Pittsburgh (Sixth Street) * | 1893 
Hamilton, O. * | 1895 
Red Wing, Minn. * | 1896 
Kansas City (Terminal) | 2 | *| torr 
Mobridge, S. Dak. I 1908 
n. Rock Island, Wash. I 1893 
St. Charles, Mo. * | ‘I904 
Point Pleasant, W. Va. I 1907 
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LONG SPAN SIMPLE BRIDGES. — Continued. 


oe aa Sa aca a aL ears eae 
af Span CEN- 2 A % 53 
<a| TER TO Kinp oF OVER WHAT L ovje)- 8 
ze Soe OF Truss. River. SON HzZ/3/Es2 
wales EIRIAGE 
ft. in a 
41 | 413 0 | Pennsylvania | Allegheny New Kensington, Pa. * | Ig01 
42 | 412 8 | Pennsylvania | French South of Romford, Ont. I 1907 
(modified)* 
43.| 410 o | Pennsylvania | Kentucky Frankfort, Ky. * | 1904 
44.| 408 o | Pennsylvania | Canal Massena, N.Y. * | 1901 
45 | 407 o | Parker Monongahela | Port Perry, Pa, 2 1903 
46 | 407 © | Parker Allegheny Brilliant, Pa, 2 1904 
* | 47 | 406 oO | Pennsylvania | Miami Hamilton, O. * | 1899 
48 | 4or 6 | Pennsylvania | Missouri Plattsmouth, Neb. I 1903 
49 | 400 2 | Pennsylvania | Missouri Bismarck, N, Dak, I 1905 
50} 400 oO. | Whipple John Day John Day, Ore. I 1886 
5I | 400 oO | Whipple Missouri Randolph, Mo. I 1887 
52] 4co o | Whipple Missouri Omaha; Council Bluffs | 1 1887 
53 | 400 oO | Whipple Missouri Nebraska City, Neb. I 1888 
54 | 400 oO | Whippie Missouri Sioux City, Ia, I 1888 
| 55 | 400 o | Pennsylvania | Arkansas Little Rock, Ark. I 1899 
56} 400 o | Pennsylvania | Monongahela | North Charleroi, Pa. * | 1907 
57 | 400 © | Penn.(mod.) | Reventazon Reventazon, Costa Rica | 1 1909 


* Warren truss with subdivided panels and bent upper chord. . 


Five of the bridges whose longest spans are included in the 
preceding table have one or more shorter spans which are 400 
feet or over in length. These spans are as follows: in bridge 
IN@.ws,, 464: teet Oinches;*"Now7, 416 feet: No.1, .400, feet; 
No; 73, 517 feet; and in-No. 19,.489-feet 3inches. There are 
Pennsylvania trusses, including some with modified bracing, in 42 
bridges; Whipple trusses in 7; Baltimore trusses in 4; Parker 
trusses in 3; and Warren trusses with sub-verticals in 1 bridge. 


The trusses in which the upper chord is bent only at one panel 
point in each half span include numbers 4, 5, 7, 10, 23, 37 and 
38. Those in which the upper chord is horizontal for at least 
four panels at the middle of the span, although the rest of the 
chord is fairly curved, are numbers 8, 12, 13, 21, 25, 40, 43, 44, 48 
and 57. The sub-diagonals are all struts in numbers 1, 4, 5, 8, 
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13, 17, 23, 30, 36, 37; 38, 39, 40, 48 (see Fig. 712), 49, 55 and 57; 
and all ties in numbers 3, 6 (Fig. 70a), 7, 12, 14, 15, 19, 20, 21, 
22, 27, 28, 20, 32, 34, 35, 41, 43, 47, and 56; while the trusses in 
numbers 10, 24, 25, and 33 have several sub-diagonal struts at the 
ends and ties near the middle of the span. For spans less than 
400 feet about the same proportions will hold in regard to the 
arrangement of the sub-diagonals. The 517-foot span of bridge 
No. 12 and the span given for bridge No. 31 have deck trusses 
with bent lower chords. 


Riveted trusses of the Pennsylvania type have been employed 
in highway bridges for spans which were even less than 160 feet. 
Pin trusses of the same kind, as short as 180 feet, have been 
used in railroad bridges, but should preferably not be employed 
for spans below 250 feet. A view of a combination truss bridge 
of 12 panels with a span of 298 feet and 1 inch may be found on 
Plate LIV of the Transactions of American Society of Civil 
Engineers, Vol. 27, page 466, October, 1892. 


One of the most interesting recent developments in bridge 
construction in America is the extension of the Parker truss to 
the longer spans for which it was formerly supposed that only 
trusses with subdivided panels could properly be employed. In 
this type of truss the greatest span is 465 feet and ¢ inch, being 
that of number 24 in the table. The trusses have 17 panels and 
are 663 feet deep at the middle. The channel span of the 
Pennsylvania Railroad bridge over the Monongahela River at 
Port Perry, completed in 1903, represents the highest develop- 
ment of this type of truss (see Fig. 71 6). There are 11 panels 
each 37 feet long, the depth at the middle being 67 feet, and the 
bridge is a heavy double-track structure. The panels are sev- 
eral feet longer than any previously used in simple truss bridges, 
and are only exceeded by the 38-, 45- and 48-foot panels in the 
river spans of the Municipal bridge over the Mississippi River at 
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St. Louis, which were erected in 1911. A duplicate of this span 
was erected in 1904 as the channel span of a bridge over the 
Allegheny River at Brilliant, Pa., on the line of the same 
railroad. 


The longest Parker trusses without counters have 12 panels 
each 263 feet long, and are in the Broadway bridge over the Cum- 
berland River at Nashville, Tenn., built in 1909. The longest 
riveted span is 227 feet long, and is in the Oregon Trunk Rail- 
way bridge over the Columbia River at Celilo, Oregon, which was 
completedin 1911. The four-truss Market Street Elevated Rail- 
way bridge over the Schuylkill River at Philadelphia has a span 
of 212 feet, the trusses being 40 feet deep. 


Prob. 71. Consult Engineering News, Vol. 22, page 578; Vol. 48, 
page 40; Engineering Record, Vol. 37, page 448; Vol. 38, page 225 ; 
Vol. 46, page 338; and prepare skeleton diagrams showing various 
modifications of the ends of Pennsylvania trusses and compare them 
with that shown in Fig. 70 a. 


ArT. 72. Economic DEPTH. 


A bridge usually has two trusses which support a floor and 
its load, and the chords are connected by lateral bracing. The 
economic depth for a truss of given span is that depth which 
renders the entire weight of the bridge a minimum. Since, 
however, the weight of the floor and lateral bracing is indepen- 
dent of the depth of the truss, these may be left out of con- 
sideration, if the panel length be assumed. The theoretic 
discussion of this problem is an approximate one only, for the 
numerous practical points to be considered render exact alge- 
braic formulation almost impossible. At the outset, however, it 
must be noted that an economic depth exists, for the greater 
the depth the less are the chord stresses and hence also the 
weights of the chord members, while the weights of the web 
members increase with the depth because of their increase in 
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length. Accordingly there must be a certain depth which 
renders a minimum the sum of the weights of the chord and 
web members. 


The simplest case is probably that of a Pratt truss under 
uniform load only. Let it be of the kind shown in Fig. 72a, 
the span being /, the number of panels m and the panel 
length p, so that Z equals mp. Let the depth of the truss be %, 
and the uniform load per linear unit of span be w. Let JZ be 
the bending moment for any chord member; then the stress for 
that member is J7/Z. Let V be the shear for any web member; 
then the stress for a vertical is V and that for a diagonal is 
V secd or V(i2+7*)?/h. Let s be the unit-stress to be used 


Fig. 72 a. Fig. 72 6. 


for a tension member and 3s that for a compression member. 
The area of section required for a lower chord member is then 
M/hs, that for an upper chord member is 2 W//hs, that for a 
vertical is 2V/s and that for a diagonal is V(/?+ Py /Zs. 
These areas multiplied by the lengths of the members give the 
volume of material, so that the volume for a lower chord mem- 
ber is 1/p/hs, that for an upper chord member is 2 Mp /hs, that 
for a vertical is 2 V#/s and that for a diagonal is (#2 +. p%)/As. 
The total volume of material in the truss will then be 


2p2M , p2M , 2hzV (UF +p)SV 
hs a8 hs - s e As 


where =// denotes the sum of the bending moments and SV 
the sum of the shears for the m panels of the truss. 


The maximum bending moment at the middle of the truss 
being }w?, the average bending moment is two-thirds of this, 
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or 75 wl*, since the area of a parabola is two-thirds of the 
circumscribing rectangle; hence the value of 2/7 is closely 
‘Mm +z wl? for each chord. The shear at the end of the truss 
is $ w/ and that at the middle is 0, so that the average shear is 
-+ wl and the value of EV is closely m-}w/. Inserting these 
values in the above equation, replacing 7 by mp and letting v 
be the weight of a cubic unit of the material, the weight of the 
‘truss is ae Bis +72 he i) 
4s h 

Differentiating this with respect to Z and equating the derivative 
‘to zero, gives the condition that W shall be a minimum, or 


h/p=VGn + 1/3 


‘which is the ratio of economic depth to panel length. The 
following are values of £/f and /// for several values of m: 


m= 4 8 12 20 30. 
hf p= 1.29 1573 2.08 2.65 ete 
h/t = 0.32 0.22 OF17 0.13 O.II 


‘These figures show that the economic depth increases with the 
number of panels, it becoming about double the panel length 
-for twelve panels and three times the panel length for twenty- 
-six panels. They also show that the ratio of economic depth to 
‘span decreases with the number of panels, it being about 3 for 
‘four panels, about 4 for twelve panels and about 4 for the long 

‘span of thirty panels. The ratio £/p is the value of cot@, where 
_ 6 is the angle which a diagonal makes with the vertical. 


For the through Warren truss shown in Fig. 720 a similar 
‘investigation may be made, and the economic depth is 
h=4pV(4m + 3)/3 


‘from which the ratio £/3 , or the value of cotd, is 3.42 for eight 
panels and 5.26 for twenty panels, the corresponding values 
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of 4// being 0.21 and 0.13. The same general laws hold as for 
the Pratt truss, but the diagonals of the Warren truss are in- 
clined to the vertical at a smaller angle, cot@ for the latter being 
about double that for the former. Thus, for eight panels the 
economic angle @ is about 30 degrees for the Pratt truss and 
about 163 degrees for the Warren truss. 


In the above investigation the unit-stress for a compression 
member has been taken as constant, while in reality it should 
decrease with the length of the strut. Approximations have 
been made in finding the values of =J7 and SV, and the stresses. 
due to a moving load have not been considered. Accordingly 
the above numerical results must be regarded as approximate 
only, but the general laws deduced are correct and they agree 
with experience. 


The economic panel length cannot be derived from the above 
investigation, since the expression for W does not include the 
weight of the stringers and floor beams which are supported by 
the truss. In practice the length of the stringers is usually 
limited to 30 feet for long spans, and may be as low as 12 feet 
for short spans, the general tendency being toward long panel 
lengths. Long stringers increase the weight of the floor, but 
they decrease the weight of the truss. 


Prob. 72. Deduce an algebraic expression of one term for the weight 
of the above Pratt truss, 2 being the economic depth. 


ArT. 73. LimitTiInc Span. 


The limiting span of a beam is that length for which the 
specified unit-stress is reached under the action of its own 
weight, so that it can carry no additional load without exceed- 
ing that unit-stress. For a simple beam of uniform cross-sec- 
tion this limiting span is easily found. Let the width be b, the 
depth d, the span / and the weight of a cubic unit of the mates 
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rialv. The weight per linear unit of span is then vdd, and the 
maximum bending moment is }vdd/*. The resisting moment 
is s-}4d?, where s is the unit-stress at the upper or lower sur- 
face of the beam. Equating the bending and resisting moments, 
and solving for /, gives 7=V4sa/3v. If the beam be of timber 
and s be specified as 1000 pounds per square inch or 144 000 
pounds per square foot, then for a beam one foot deep and 
weighing 40 pounds per cubic foot the limiting span Z is 69.3 
feet. If s be the mean value for rupture, 9000 pounds per 
square inch, then the limiting span is 208 feet and the beam 
breaks under its own weight. 


The limiting span of a truss is that length for which the speci- 
fied unit-stress in each member is reached under the action of 
its own weight, the depth of the truss being the economic depth. 
Taking the Pratt truss of the last article, and inserting the eco- 
nomic depth / in the value of W, this reduces to 


W =(30/28)wl?V(m + 1)/3 


Now, for the limiting span, w is the weight per linear unit of 
the truss only and Wis w/; then remembering that / equals ms, 
the equation may be reduced to the form 


m' +m? = 3(28/3 uP 


from which # can be found when s, v and 7 are given. For 
a bridge of medium steel an allowable working unit-stress is 
15 000 pounds per square inch. The weight of a cubic foot of 
steel is 490 pounds, but it will be taken at 500 in order to allow 
for the extra material at the joints. The panel length may be 
put at 30 feet, this being about the maximum in practice. Then, 
from the above equation, 7 is found to be nearly 30, and there- 
fore the limiting span of the Pratt truss under these specifica- 
tions is about 900 feet. Taking s as 60000 pounds per square 
inch, the ultimate strength of the steel, the value of m is about 
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76, and the limiting span of the Pratt truss for rupture under its 
own weight is about 2280 feet. 


The weight of a bridge truss at the limiting span is indetermi- 
nate, since the factor w cancels out of the equation. Its weight 
for a practicable span under a given applied load of wy, per 
linear unit can, however, be determined. For this purpose w is 
to be replaced by w+ wy, in the above formula and W by wl; 
then solving for w, there results for the Pratt truss of Fig. 72a, 


w=w,/(A—1), in which A=28/vV3m + 3 


For instance, let w,=1200 pounds per linear foot, v = 500 
pounds per cubic foot, s= 15 000 xX 144 pounds per square foot, 
Z= 200 feet and m=10. Then 4 is found to be 7.52, and w 
to be 184 pounds per linear foot. If the height of the truss 
be greater or less than the economic depth, its weight will 
be greater than that given by the formula for w. The value 
found for w is for the truss alone, and w, must include the 
weight of the floor, cross bracing and lateral bracing as well 
as that of the live load. 


The practical limiting span for a simple truss to carry a given 
live load cannot be determined by theoretic discussions, but must 
be ascertained by experience. The longest existing simple span 
of a Pratt truss is 255 feet, while the longest span of a Whipple 
truss bridge is a little over 518 feet. With the Pennsylvania 
truss still greater lengths have been attained, the largest being 
one of 5463 feet span; see table in Art. 71. Probably the 
maximum span for railroad traffic that can be obtained with 
simple trusses is between 700 and 800 feet. For longer spans 
the cantilever, arch or suspension system must be used, and 
lengths of over 3000 feet are practicable; see Part IV, 


Prob. 73. Discuss the above formula for w, and show that an increase 
in panel length always decreases the weight of the truss. 
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ArT. 74. MopERN AMERICAN TRUSSES. 


Resuming the historical discussion of Art. 63, it may be noted 
that soon after the middle of the nineteenth century the erection 
of iron bridges rapidly increased in the United States, the Pratt, 
Whipple and bowstring trusses being the favorite forms. The 
triangular, or Warren truss, with both single and double web 
systems, was also built, and the type having a single system 
with sub-vertical hangers for the support of intermediate floor 


ANNUM 


Fig. 74. 


beams was first used about 1860. The next step was to intro- 
duce auxiliary posts to stiffen the upper chord and a second set 
of sub-verticals as seen in Fig. 74. In 1870 the channel span of 
a little over 396 feet was built on this plan over the Ohio River 
at Louisville. Simplicity of truss action is here seen, the most 
apparent disadvantage being in the long diagonal struts. 


The Baltimore truss, first used on the Pennsylvania Railroad 
in 1871 (Arts. 26 and 70), reduces both the length and the num- 
ber of the compression members to a minimum, and retains the 
auxiliary verticals and diagonals for the support of intermediate 
floor beams. In the Pennsylvania truss the same elements are 
seen with the addition of the curved upper chord, whereby are 
gained the advantages of the bowstring type in equalizing the 
stresses in both web and chord members. It was not until after 
1880 that the economy of these two forms of trusses became 
clearly recognized, and as soon as this was fully appreciated 
the Whipple system ceased to be built, while the Warren system. 
was confined to short spans. 
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The early trusses of both Europe and America were built with 
a less ratio of depth to span than the modern ones. Even as 
late as 1870 it was claimed by some that the depth of the truss 
should be one-tenth of the span, but practice gradually showed 
the advantage of greater depths, and it afterwards became 
apparent that the ratio of depth to span should be larger for 
short spans than for long ones, in order to make the amount of 
material a minimum. 


In conclusion, the elements of form and proportion which 
have survived in the evolution of bridge trusses, because they 
have proved most conducive to economy, will now be recapitu- 
lated. First, the panel system, whereby long diagonal struts 
were avoided, produced the trusses of PALMER and Burr. 
Second, the principle of counterbracing the panels, whereby the 
bridge was stiffened under the action of the live load, led to the 
trusses of Lone and Howe. Third, the idea that compression 
members should be made as short as possible, produced the 
trusses of Pratt and WurppLe. Fourth, the plan of varying 
the depth of the truss to render stresses as nearly uniform as 
possible, led to Wu1ppLe’s bowstring truss, to the Parker truss, 
and to other forms with curved upper chords. Fifth, the efforts 
to dispense with the double system of webbing by suspending 
alternate floor beams by sub-verticals, gave rise to the Warren 
truss with subdivided panels and to the Baltimore truss. Lastly, 
the combination of all these elements produced the Pennsylvania 
truss, which for long spans appears to be the form that furnishes 
greatest economy and stability and which typifies the best and 
most successful American practice. 
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Chara eR Vi 
BRIDGE BRACING, MEMBERS AND FLOORS. 
ArT. 75.. Cross Bracine In Deck BrIDGEs. 


The trusses of a deck bridge are generally connected by 
diagonal ties or struts between each pair of opposite verticals, 
as shown in the following figure. The object of this transverse 
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Fig. 75. 

bracing is to assist the upper and lower lateral systems in keep- 
ing the structure rigid under the passage of the live load and 
under wind pressure. Stiff diagonals which can take both ten- 
sion and compression are generally used for plate girders and 
shallow riveted trusses, while tie rods are employed for some 
pin-connected trusses, and angles for others. The shorter the 
span the heavier should be the transverse bracing, since short 
spans are light in weight and liable to oscillate under live load. 


The term sway bracing is used for all the transverse systems 
except the end one, this often being called portal bracing. 


The action of the sway bracing in preventing distortion under 
wind pressure may be understood by considering the panel 
Ccc'C', where W, and W, represent panel wind loads, the latter 
being the smaller. The difference W,—W, would distort the 
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panel, if the sway bracing did not prevent it, and hence one-half 
this difference may be considered to act as a shear across the 
rectangle. If both diagonals are tension rods, C’c is brought 
into action and receives the tensile stress 3 (W, — W,) secd, where 
¢ is the angle which the diagonal makes with the horizontal, 
while Cc’ receives the same stress when the wind blows in the 
opposite direction. For example, let the depth of the truss be 
24 feet, the distance between centers of trusses 22 feet, the panel 
wind load on the upper chord be 9000 pounds and that on the 
lower chord 3000 pounds. Hence $(W,— W,) is 3000 pounds 
and sec@ is 1.48, so that the stress for each of the tension rods 
is 4440 pounds. This method is not wholly satisfactory, for the 
distortion of the rectangle depends upon the difference of the 
lateral deflections of the lateral systems, and these depend upon 
the chord sections; moreover, the method supposes that the 
sway braces cause the stresses in the lateral systems to become 
equal. Sometimes it is specified that the lower laterals shall be 
omitted in alternate panels, thus forcing the sway bracing to 
carry the lower panel wind load to the upper lateral system. 


Another function of the sway bracing is to prevent the dis- 
tortion of the bridge under an eccentric live load. In the rec- 
tangle B'B’' of Fig. 75 the load P may be that of a trolley car 
on one side of the roadway or a locomotive axle load on one of 
the tracks of a double-track bridge. The reactions of this load 
at the ends of the floor beam BZ’ are unequal, and since the 
trusses are made alike their deflections would be proportional to 
these reactions unless they were equalized by the sway bracing. 
If R and R’ be these reactions, one-half of R — R! acts as a 
shear across the rectangle, and produces the tensile stress 
2(R —#')secO in the tie B'S, if 6 be the angle which the tie 
makes with the vertical. For example, let the distance between 
centers of trusses be 23 feet, the depth of the trusses be 32 féet, 
the load P be 50000 pounds and its distance from the center of - 
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the roadway be 6} feet. Then sec is 1.23, R is 39 130 pounds 
and &!' is 10870 pounds, so that the stress in the sway rod is 
17500 pounds. This will be the stress if the rectangle does 
not become distorted and the posts remain vertical, but it might 
happen that the posts would: become inclined and the figure 
still remain a rectangle, in which case the sway rods would be 
unstressed. 


The bracing in the end rectangle Aaa’ A’ must be heavier than 
the sway bracing between intermediate posts, because its func- 
tion is to carry wind pressure and in some cases centrifugal load 
from the upper lateral system to the abutment (see Fig. 19g). 
If the sway bracing equalizes the wind loads between the two 
chords, as suggested above, the horizontal force W is one-fourth 
of the total wind pressure on the bridge; if the upper lateral 
bracing carries all the wind pressure specified for the upper 
chord, then W is one-half of this wind pressure. When the 
braces Aa! and A'a are tension rods, Aa’ does not act, so that 
the strut 4A’ takes the stress — W, the diagonal A'a the stress 
+Wsecd, and the post A’a’ the stress —Wtan¢, while Aa is 
unstressed by the wind. For example, let W be 33 000 pounds 
and ¢ be 45 degrees; then the stress for each tension diagonal 
is 46 700 pounds. 

When both diagonal braces are arranged to carry compression 
as well as tension, as is often the case, the shear acting across 
the rectangle is supposed to be equally divided between them, 
one diagonal taking tension and the other compression. Thus 
in the rectangle Aaa'A', when the wind acts in the direction 
shown, the stress in Aa’ is — 4 Wsec¢, that in A’a is + 4 Wsecd, 
that in AA’ is —3W, that in Aa is +4 Wtan¢d and that in A’a! 
is —4Wtand. When the wind blows in the opposite direction 
these stresses are reversed in sign, except that in AA’. 


Prob. 75. A deck bridge, 22 feet wide and 18 feet deep, has a span 
of 144 feet, with nine panels in each truss. The wind load for the loaded 
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chord is 350 and that for the unloaded chord is 150 pounds per linear 
foot of span. A trolley track, with its center 5 feet from the middle of 
the roadway, carries cars which weigh, when loaded, 76 000 pounds, one: 
half of this coming on two axlés 6 feet apart. Compute the stresses in 
the sway bracing due to the wind and to the eccentric load. 


ArT. 76. PorTAL BRACING FOR THROUGH BRIDGES. 


The clear headroom fora through bridge for railroad traffic is 
most frequently specified to be 22 feet. Fora single-track bridge 
the top width of this headroom is usually 6 feet, while at least 
18 feet is necessary for a double-track bridge. A highway 
bridge requires a clear headroom of 15 feet, but its top width 
is sometimes made from 6 to 8 feet less than the clear width 
between the trusses. 


The clear width between the trusses should be at least 15 feet 
for single-track railroad bridges, and 28 feet for double-track 
bridges when the tracks are spaced 13 feet from center to center. 
For highway bridges the clear width should not be less than 20 
feet, except in the country, where it may be reduced to 18 feet, 
or in the case of short bridges, where no provision need be made 
for teams passing on the bridge, to 14 feet. For very deep 
trusses the width should not, however, be less than about one- 
nineteenth of the span in order to avoid excessive stresses due 
to the overturning effect of the wind. 


The corresponding end posts of the two vertical trusses are 
connected by overhead bracing as indicated in Fig.53@. The 
function of this portal bracing, as it is called, is both to stiffen 
the end posts against vibrations and to assist them in transfer- 
ring the wind pressure from the upper lateral system to the 
supports of the bridge. Its connections with the end posts are 
extended as low as the headroom will allow, and the form of 
the bracing is determined to some extent by the depth available 
below the portal strut BB’. In Fig. 53a the plane of the portal 
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is normal to the two trusses, this being the common case where 
the face of the abutment or pier is at right angles to the line of 
the bridge. 


When the headroom does not allow sufficient depth for trussed 
bracing, the portal strut is designed as a beam or shallow plate 
girder, as in Fig. 76a, but with corner brackets inserted in most 
cases. Fig. 760 shows the simplest and most economical form 
of bracing when the depth is a little greater. The lattice type 
of portal bracing is shown in Fig. 76c, the number of panels 
ranging from two to eight, and as the trusses increase in height, 
the depth of the bracing may be divided into two or more panels, 
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Fig. 764. Fig. 764, Fig. 76¢. Fig. 76a. Fig. 76¢. 


thus increasing the webbing to four or six systems. Sometimes 
the portal strut is slightly inclined upward towards the middle 
for the sake of appearance, as in Fig. 76 d@, while curved brackets 
are added in this and in other forms of bracing to improve their 
appearance and to stiffen their connections with the end posts. 
When the bracing is deep, the form in Fig. 76e is often used 
instead of a lattice girder. The diagonals are made to take 
both tension and compression while the member indicated by a 
broken line is sometimes inserted to stiffen the upper and lower 
portal struts. This form without the middle vertical is often 
used in highway bridges, with diagonals consisting of rods that 
can take only tension. Occasionally two such panels are placed 
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above each other. Views of portal bracing may be found in 
Arts. 18, 19, 29, 64, 66 and 71, and in Art. 80 of Part III. 


In Fig. 76 f let Wand W’ represent the wind loads brought to 
B and B' by the upper lateral system. When the lateral diag- 
onals take both tension and compression, W'= W, and when 
they take only tension, W’ equals the shear in the end panel of 
the lateral system plus the wind panel load at B’. As stated 
in Art. 53, the horizontal reactions, #7’ and H, are assumed to 
be equal, and the value of each is 4(W-+W’'). The supports, 
a and a’, being in the same horizontal plane, the vertical reac- 
tions, R and R&’, are equal, but act in opposite directions. 
The portal bracing is represented as a plate or lattice girder, 
with parallel flanges or chords. The lower end of each end 
post is practically fixed because its dead load compression is 
carried to the supporting pin through the bearings in its sides, 
the resultant pressure having a lever arm about the leeward 
bracing equal to one-half of the distance between the center of 
the bearings. The curvature of the elastic lines is greatly exag- 
gerated, in order to call special attention to their reversals of 
curvature in both the posts and the portal bracing. It is suffi- 
ciently close, for all purposes of design, to assume that the 
point of inflection 2’ is midway between the pin bearings at a’ 
and the lowest point z' of the connection with the portal bracing, 
while similarly z is midway between a and 7. As the end posts 
are alike and the horizontal reactions are equal, the point of 
inflection z’’ must be at the center of the portal bracing; that 
is, the bending moment in a section midway between the end 
posts equals zero. That part of the portal above the points z 
and z’ may now be treated as resting on independent supports 
at those points with the lower ends of the posts free. 


For example, let the portal in Fig. 76g be taken, the loads and 
reactions being expressed in pounds. The vertical reactions are 
found by taking moments about either z or 2’. Since the moment 
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Fig. 76%. Portal of St. Louis, St. Charles and Western Electric Railway Bridge 
over Missouri River at St. Charles, Mo. Built in 1904. 
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is zero in the middle section through m, there is no stress in s's, 
and hence there can be no stress in either B's’ or Bs. The 
object of inserting them is to hold the diagonals in line and to 
improve the appearance. Since the diagonals z'm and um meet 
at m, the strut B'Z is not subject to bending, therefore a section 
may be passed cutting 4'm and z'm, and the sum of the vertical 
components placed equal to zero, thus making the stress in x'm 
equal to 22150 sec# = + 30160 pounds. By taking moments 
about 4’ the same result is obtained. The stress in mm is 
—30160pounds. To find the stress in B'z let moments be taken 
about z' giving the equation 7500(181.5 + 105)+ S x 105 =0, 
whence S=—20460 pounds. It may also be found by the 
method of resolution of forces, thus being equal to the horizon- 
tal component of the stress in z'm. The stress in mB is 
+20460 pounds. If any part of the load at B be transferred to 
5", there will be an additional compression of the same amount 
in L'm and mB, while if part of the load at B’ be transferred to 
&, there will be an additional tension of the same amount in both 
members. The tension in wz’ and the compression in wz are 
each equal to 22150 pounds, while there is no direct stress in 
B'n' and Bu. The attention of the student is called to the fact 
that it is not possible to find the stress in B'’m by passing a 
section through it and 4’z' and then applying the method of 
resolution of forces, because the member B'z! is subject to both 
bending moment and shear. The flexure of the end posts will 
be discussed in Art. 8o. 


In case it be found after the design is made that the moment 
at the foot of each end post is not sufficient to fix the ends, it 
will be necessary to determine the position of the point of inflec- 
tion anew, and to revise the stresses in the portal bracing. 
For example, if the dead load compression in the end post 
be 82000 pounds and the distance between its centers of pin 
bearings is 184 inches, the moment that can be resisted is 
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82000 x 18.125 /2 = 743 100 pound-inches. For the horizontal 
reaction of 7500 pounds, the distance of the point of inflection 
from the pin is 743 100/7500=99 inches, and the distance i 
then will be 264 inches, and the reactions in the line of the end 
posts 28530 pounds. In this example the wind pressure was 
taken at the extreme value of 50 pounds per Square foot, amount- 
ing to 240 pounds per linear foot for the upper lateral system. 
At 150 pounds per linear foot the point of inflection will be 158 
inches above the pin. 


The increasing use of end floor beams in railroad bridges 
reduces the need of such a revision, as their connection to the 
feet of the end pusts aids in keeping up the position of the 
inflection point. When the live load is on the bridge the end 
posts may always be regarded as fixed at the supports. In light 
highway bridges it is probably best to assume the lower ends of 
the end posts as free. | 


The horizontal s's is sometimes extended to the end posts to 
secure an additional connection on each side: This arrange- 
ment, however, introduces secondary Stresses in the bracing and 
also tends to lower the points of inflection in the end posts. 


In the form of bracing shown in Fig. 76c¢ it can be proved 
- that the stresses in any two diagonals meeting at one of its 
panel points are numerically equal, one being tension and the 
other compression. This is done by passing a section around 
the panel point and resolving vertically. The shear is uniform 
between the end posts and is equally divided between the two 
diagonals cut by a vertical section. The stress in each middle 
chord member is zero, and that in either adjoining panel may be 
found by adding the chord increments due to the two diagonals 
meeting at their common panel point, or by the method of 
moments, the center being taken at the intersection of the 
diagonals. 
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Prob. 76 a. Compute the stresses in the portal bracing of Fig. 76¢, 
for horizontal wind loads of 5625 pounds applied at B’ and B. The 
lengths Ba, Bu and BB' are 41 feet 1 inch, 5 feet 11 inches and 17 feet 
respectively. 

Prob. 76 4. Prepare a classified list of the types of portal bracing 
shown in the half-tone illustrations in this volume. See page references 
in the table of contents. 


Art. 77. Sway BRACING FOR THROUGH BRIDGES. 


The forms of sway bracing for through bridges are similar to 
those of the portal bracing, although their construction is much 
lighter. In Fig. 77 @ the depth of the strut DD! does not 
exceed that of the upper chords to which it is attached, while it 
is connected to the posts by corner pieces. The form in Fig. 
766 is sometimes used for sway bracing, but frequently the 
lower horizontal member is omitted as in F ig. 77 0. “ln Bigg 7ge 
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each corner piece occupies a width equal to one-sixth of the dis- 
tance between the trusses. It does not correspond to Fig. 76, 
as it is customary to use the same number of panels in both 
portal and sway bracing. In Fig. 77d the diagonals are rarely 
made to take both tension and compression. Sometimes an 
intermediate vertical is inserted as in Fig. 76¢. The form 
shown in Fig. 77 ¢ is extensively used for high trusses. In each 
case Dd and D'd' are opposite vertical posts of the.main trusses. 
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DD isa strut of the upper lateral system, and dd’ is a floor beam 
which also acts as a strut of the lower lateral system. The last 
two forms of sway bracing shown are often used in the sama 
bridge when the trusses are of the Baltimore or Pennsylvania 
types, the former being attached to the sub-verticals and the 
latter to the long posts of the trusses. 

The main function of this sway bracing is to prevent the oscil- 
lation of the trusses under the action of live loads, but they also 
stiffen the bridge against wind. If there be no diagonals in the 
upper lateral bracing, the sway bracing carries the upper panel 
wind load down to the lower lateral system, and its stresses are 
frequently computed under this supposition. Except in some of 
the deep trusses, all members of the sway bracing are usually 
made to take either tension or compression, since a reversal of the 
wind direction may cause a reversal of the stress. 

The vertical shear in Figs. 77¢,@ and ¢,,due to the upper 
panel wind load, may be regarded as divided between the sway 
bracing and the floor beam directly as their moments of inertia. 
For the bracing shown in Fig. 774 the moment of inertia may 
be assumed to be approximately that of a lattice girder bracing, 
whose chords have a sectional area equal to that of the long 
diagonals multiplied by the sine of the angle which they make 
with the vertical, the lower chord being attached to the posts at 
the same points as the diagonals. To secure greater stiffness, 
however, it is usually best to compute the stresses in the bracing 
as though it resisted the entire vertical shear, or as if the posts 
were pin connected at the top of the floor beam, or at the lower 
panel points. 

The same methods may be used to compute the stresses in 
the sway bracing as those described in the preceding article for 
the portal bracing. As an additional example, let the stresses 
be found for the bracing in Fig. 77a. The trusses are 16 feet 
2 inches apart and 28 feet deep, while the corner pieces are 
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inclined at an angle of 45 degrees, and their horizontal projec- 
tions are 5 feet 9 inches long. The wind panel loads at D 
and D’ are each 3000 pounds, and act towards the left. The 
horizontal reactions at d@ and @' are equal to the panel loads, 
while the vertical reactions are 2 x 3000 X 28 x 12/194 = 10 392 
pounds. Taking moments about JD, the stress in mz is found 
to be — 20660 pounds. That in m'u' is + 20660 pounds. The 
tension in Dm and the compression in #'D! equal the horizontal 
components of these stresses, or 14610 pounds. The bending 
moment in DD! increases uniformly from zero at its center to 
its maximum value of 291000 -pound-inches at mm or m', and 
then decreases uniformly to the ends, where it is zero. The 
maximum bending moment may be found either by taking 
the moments of external forces on the left of , or the moment 
of the shear at the center of DD' about the same center m. The 
flexure of the posts will be discussed in Art. 80. The shear in 
DD" is +10 390 pounds between m and m', and — 4220 pounds 
between D and m and between wm! and D’. 


Another function of these sway systems is to diminish the 
distortion of the rectangle under an eccentric live load. If 
there be a load P on the floor beam dd’, as shown in Pig..77'd, 
let X and R' be its reactions at 2 and a’, and let @ be the angle 
which the diagonals make with the vertical; then 4(R—-R’' 
acts as a shear across the sway bracing, producing the tension 
3(R—R') secO in xD', provided that the diagonals take only 
tension, and the posts remain vertical. If the diagonals take 
both tension and compression, the shear may be equally divided 
between them. 


Prob. 77 a. Compute the stresses in the sway bracing of Fig. 77 4 fora 
horizontal load of 3750 pounds all applied at the windward panel point 
D'. The trusses are 30 feet deep and 17 feet apart between centers. 


Prob. 774. Examine the various forms of sway bracing shown in the 
half-tone illustrations in this volume. 
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Art. 78. A Skew PortAt. 


» When the face of the abutment is not at right angles to the 
line of the bridge, the bridge is said to be on a skew and the 
portal is called a skew portal. Fig. 78 @ shows a case where 
the amount of skew of the rear truss is about one-third of a 
panel length, and Fig. 78 4 gives, on the same scale, a view of 
the portal looking normally at its plane. This true size and 
shape of the skew portal may be obtained from the side and 
end views by the methods of descriptive geometry or by trigo- 
nometric computations. 


Let % be the depth of the main trusses and @ the shortest 
distance between their centers. Let 8 be the angle of skew 
of the bridge, that is, the angle which the line aa’ in the top 
view of Fig. 78 2 makes with the line normal to the two trusses; 
let @ be the angle which the inclined end posts make with the 
vertical. Then the true length of the end post is % sec, and 
the true width of the portal is d sec8; these are the true lengths 
of aB and BBP" in Fig. 78 6. Let @ indicate the angle Baa’, 
which is equal to BB’a’; its value may be computed from 
cos@= sin8 sin@, as may be shown by passing a plane through 
a' normal to am, finding the distance intercepted between a' and 
the point where az cuts the plane in two ways, first in terms 
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of « and 8 and second in terms of 8 and @, and equating the 
two values. Thus, if 0 be 35° and 8 be 13°, the value of « is 
82° 35'06"; if % be 32 feet and 0 be 16 feet, the length of a& 
is 39.07 feet and that of BS’ is 16.42 feet; hence the parallelo- 
gram aBS'a' is fully determined. 


Let W be the wind force acting at B normal to the main 
truss; the force F acting in the direction BB' is W sec8, and 
this is to be used in computing the stresses. For this purpose 
the angle which each diagonal makes with ABS’ is to be found, 
and this may be done by computation or, with sufficient accuracy, 
by measurement on a drawing. But, in general, it will be easier 
to obtain the stresses by the method of Graphic Statics to which 
Part II of this work is devoted. If the portal in Fig. 78 6 have 
diagonals which can take only tension, mz and B's are in action 
for the force / at &, but when the wind direction is reversed 
the force F is applied at B’ and then mz’ and Bs come into 
action; here the two sets of diagonals have different stresses 
on account of their different inclinations. 


Finally, it may be noted that both in the right portal and in 
the skew portal the members are made heavier than the wind 
stresses require in order to stiffen the posts against the oscilla- 
tions caused by the live load. While the wind stresses are a 
valuable aid in the design, experience and judgment are indis- 
pensable in order to make the portal bracing efficient in per- 
forming its functions. When the angle of skew is large the 
end posts are frequently made vertical in order to simplify the 
construction of the portal bracing. 


Prob. 78. A through Pratt bridge, having panels 18 feet long, is 
30 feet deep, and the distance from center to center of trusses is 1 5 
feet. The skew of one truss with respect to the other is one-half a 
panel length, and the depth of the portal bracing, measured in a verti- 
cal plane, is 8 feet. Compute the angles 6, 8 and «. If the bracing 
be like that of Fig. 78 4, compute the angles Bmn and Bs. 


ART. 79. FLEXURE OF CHORD MEMBERS. 253 


ArT. 79. FLEXURE OF CHORD MEMBERS. 


While the main stress in a chord member is that of tension or 
compression, the action of its own weight is to produce flexural 
‘stresses, and these increase the direct stresses on the upper or 
lower part of the member. These flexural stresses are usually 
‘small compared with those caused by loads placed upon a chord 
member, but for long panels they must be considered. Let S 
‘be the direct stress of tension or compression, 4 the area of the 
cross-section, / the moment of inertia of the cross-section with 
respect to the neutral axis of the flexural stresses, c the distance 
from that axis to the side of the member where the flexural 
stress is to be computed and J7 the maximum bending moment 
due to ali acting forces. The direct unit-stress on the chord 
member is s = S/A, that due to flexure is s, = M/c//, and hence 


gives the total stress due to both causes. When S is tension, ¢ 
is the distance from the neutral axis to the lower side of the 
beam and s +5, is tension ; when’ S is compression, ¢ is measured 
to the upper side and s + s, is compression. 


S S Ss Ss 
Fig. 79 2. Fig. 79 2 


For the lower chord member in Fig. 79a, which is hinged at 
its ends so as to act like a simple beam, let / be its length, z its 
weight per linear unit and A the deflection at the middle; then 


M=athwl-kl—tul-hl— SA =}4wl?— SA 


By the methods of Mechanics of Materials, the value of A may 
be found, and the above expression be reduced to 


Ma twit + zy (s/E)U/rP) 
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where E is the modulus of elasticity of the material and + is 
the radius of gyration of the cross-section found from ?#=//A. 
For example, take a steel eyebar of the lower chord which is 
under a tension of 240 000 pounds, its section being 2 x 12 inches 
and its length 25 feet. The weight of this bar is about 82 pounds 
per linear foot, the direct tensile unit-stress s is 10 000 pounds 
per square inch, its radius of gyration in the plane of the flexure 
is V12 inches, and (//r? is 7500. Taking E as 30000000 
pounds per square inch, s/E is 1/3000. The bending moment J 
is now found to be 5125 pound-feet; from which the flexural unit- 
stress S; is 1280 pounds per square inch, so that the total tensile 
unit-stress on the lower side of the eyebar is about 11 300 pounds 
per square inch. The flexural stress in this caseis so small that 
it would be unnecessary to use it in designing the bar. 


For a chord member under compression and having hinged 
ends, as in Fig. 794, the effect of the longitudinal stress is to 
increase the flexural unit-stress at the middle, and /is 4 wl?+ SA 
for a uniform load. This can also be put in the form 


M= 3 wl*/(1 — Py (S/E)(2/r?) 


which applies to any loads on a simple beam if 1 w/? be replaced 
by the bending moment due to those loads. For example, take 
the case of a steel upper chord hinged at its end upon which the 
live load is applied by cross-ties placed near together so that it 
may be regarded as uniform over the chord member. Let 
w = 2480 pounds per linear foot, and S = 360.000 pounds; also 
f= 27 fee c=6.5 inches, A = 36 square inches and r=5.4 
inches. ‘he bending moment at the middle is $ wl? = 225 990 
pound-feet, s is 10 000 pounds per square inch, s/E is 1/3000, //7 
is 60. Then J/ is found to be 256 800 pound-feet, and s, = 
Mc/Ar* = 19 080 pounds per square inch. Hence the total com- 
pression upon the upper surface of the chord is s +S; = 29080 
pounds per square inch. For this case the influence of flex- 
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ure is so great that it is very necessary to take account of it in 
the design. When upper chords are partially fixed at the ends, 
the above formula gives results somewhat too large. 
Prob. 79. Measure the upper chord of a bridge upon which the live 
load is applied through cross-ties. Compute the values of %, 6, Ay at 
-and of s+). 
ArT. 80. FLEXURE oF Posts. 


When transverse bracing is employed in a deck bridge in 
the manner shown in Art. 75, there is no flexure of the posts 
except that uncertain amount which is taken into account by 
Rankine’s column formula. The sway bracing between opposite 
vertical posts of a through bridge, or the portal bracing between 
inclined or vertical posts, brings flexural stresses upon them 
which must be carefully considered. 


Fig. 80 a. Fig. 80 4, 


When intermediate vertical posts of a through bridge have no 
floor beams riveted to them, they may be considered as hinged 
at the base, they being there supported upon pins which have 
slight horizontal and vertical motions under the passage of the 
live load. Fig. 80a represents this case where the wind force 
W and the stress P, due to the dead and live load, act at C, the 
former horizontaily and the latter vertically. At C’, on the 
other truss, acts the equal stress P. These forces are held in 
equilibrium by forces at the base of the posts, H and A’ being 
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horizontal while R and R! are vertical. The most convenient 
assumption regarding H and H’, and one which is closely 
correct for most cases, is that they are equal; if this is the case, 
each is equal to one-half of the horizontal force, or H= H' =}3 W. 
The forces R and R&’ may be found by stating the equations of 
moments for centers at c’ andc. Let 4 be the distance between — 
the trusses, and % the length of the post; then 

R=P-— Wh/d) R'=P+ Wh/b) 
the second of which is always an upward force, while the first 
may be upward or downward according as / is greater or less 
than W(4/d). The portion cz of the windward post may then 
be regarded as a beam acted upon by the transverse force 7 
and the longitudinal compression &. With sufficient precision 
this beam may be considered as fixed at ~, and the bending 
moment at 71S — ag _ Fil/(1 — 1(s/z)(2/r¥’) 
in which Z is the length cz, s is the unit-stress R/A and 7 is the 
radius of gyration of the cross-section of the beam with respect 
to the neutral axis normal to the plane of the flexure. The 
same formula gives the bending moment in the leeward post 
at z', if s be the unit-stress R’/A, where A is the area of the 
cross-section of the post. 

When intermediate verticals of a through bridge have floor 
beams riveted to them, the floor beam reactions act upon the 
posts as vertical eccentric loads. If F be the eccentric load 
applied at the distance ¢ from the axis of the post, the bending 
moment for the windward post may be computed from 

es Hil + Fe 

1 Hs/e)\/rF 
in which s is the unit-stress (R—F)/A and the other letters 
have the same meaning as before. For the leeward post the 
same formula applies by taking the sign of Fe as minus. The 
flexural unit-stress is then s, = M/c//, and the total compressive 
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unit-stress iss +s,. In most cases the eccentricity ¢ is equal to 
the distance c. 

For the portal bracing shown in F ig. 80 4, the horizontal 
forces 7 and #’ are also each equal to 3 WV, but the vertical 
forces R and R' cannot be obtained by taking moments about 
the centers a’ and a, because bending moments exist in the 
posts at those points. If the posts are also regarded as fixed 
at z and z!, there must be points of inflection z and 2! which are 
halfway between aa’ and zz’. Accordingly, these points may 
be taken as centers of moments, and - 
aot Rap 4 wea! 
in which % is the length aB and Zis the length az. The above 
formulas then give the bending moments, if 7 be replaced by 
a7 and if s represents the unit-stress due to R for the windward 
post and to X' for the leeward post. 


_R=P-—-wWw 


It is seen from this discussion that the leeward end post is 
subject to the greater flexure, and that its maximum flexural 
stress occurs when the bridge is fully covered with the live load. 

Prob. 80. Compute the maximum bending moment in the end posts 


of Fig. 76 g, the compression in each post due to dead and live loads 
and to impact being 535 000 pounds. 


ArT. 81. SHEARS AND MOMENTS ON Prins. 


Two types of joints are used in bridge trusses. In a riveted 
joint:the adjoining members are attached by rivets to connect- 
ing plates, two being usually employed at each joint (see 
Fig. 29 4), although in light trusses one is sometimes used. In 
a pin joint the members are connected to a cylindrical pin 
which passes through the plates and channels of the compres 
sive members, or through the forged heads of eyebars and the 
loops of other rolled bars. The pin acts as a beam under loads 
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which in direction and magnitude represent the stresses in the 
connecting members, and it must be designed to resist the 
shears and moments produced by them. 


For example, let Fig. 81 @ show the arrangement of one side 
of the joint @ in the lower chord of a truss like Fig. 816. The 
chord ca is composed of four hie 13 inches thick; the 


q--te+ 5% to middle of Pin 


° S 

% Ss % 
Sis reales alo wepe Ssitaiee ‘S 
© i. © a © ' 


Fig, 81a. 


chord de has four eyebars 1% inches thick; the diagonal dE 
consists of two pairs of angles laced together, each side being 
connected to the pin by two pin plates, the combined thickness 
of which is 1 inch; the diagonal Cd is composed of two chan- 
nels eee together, the web of each channel being reinforced 
by two ;%-inch pin plates; and the post Dd has a similar com- 
position, its channels being somewhat smaller. To ao the 
necessary clearances for packing the joint, spaces of 4 inch 
are assumed between adjacent eyebar heads, and 34 inch adja- 
cent to the side of any riveted or built-up member. The hori- 
zontal compcnents of stresses transmitted to each bearing on 
the pin are expressed in pounds and marked on the diagram. 


B C D E F G 


Fig. 81 4. 


In order to simplify the computation, it is customary to 
assume that the forces acting upon the pin are concentrated at 
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the centers of the respective bearings. The successive shears 
between the loads are given in the first column of the following 
table. It will be observed that the greatest shear occurs next to 
the outside eyebar. The greatest shear can be reduced to that 
inside of the inner bar cd by reducing the size of the outer bar 
cd, so that its stress shall be equal to or less than 135 000 pounds, 
and increasing that of the inner bar cd by the same amount. 


The distances between the concentrated loads on the pin are 
given in the second column of the table, while the moment 
increments and the computed bending moments are given in 
the third and fourth columns. Each increment equals the 
product of the corresponding shear and spacing. The greatest 
bending moment in a horizontal plane occurs at the center of 
the inner eyebar de, and equals 422 000 pound-inches. 


SHEAR, SPACING. INCREMENT, | Moment. 


Pounds, Inches. Pound-inches, Pound-inches, 


+ 165 000 1.563 + 257 900 + 257 900 


— 30 000 1.563 — 46 900 + 2II 000 

+ 135 000 1.563 + 211.000 + 422 000 
— 60 000 2.860 — 171 600 -++ 250 400 

fo) 1.555 fo) + 250 400 


If the outside bar be reduced to 1 inch in thickness and the 
inner bar cd increased to 1? inches, the first three shears will 
become + 120000, — 75 000, + 135 000 pounds, the spacing of 
the loads 13, 13, 13 inches and the corresponding bending 
moments + 165000, + 33750 and +270000 pound-inches, 
thus reducing the greatest bending moment 36 percent. By 
making the outside bar nearly or. quite equal to the minimum 
thickness that is manufactured for the selected width of eyebar, 
while the next one is much thicker, the bending moment on the 
pin can usually be kept much lower than when this relation is 
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not considered. The most unfavorable arrangement of eyebars 
consists of bars of equal thickness, since in this case there are 
no negative shears, and hence no negative moment increments. 


The bending moment of the pin in a vertical plane occurs 
inside of the post Dd, and is due to the vertical components of 
the stresses in Cd and Dd, which correspond to the horizontal 
components indicated in Fig. 81a. These components are both 
74 400 pounds, and the vertical bending moment is 74 400 X 
1.555 = 115,700 pound-inches. The horizontal bending moment 
at the same section is 250 400 pound-inches, making the result- 
ant 275 800 pound-inches. As this value is less than 422000 
pound-inches, the latter is the greatest bending moment on the 
pin. In a similar manner the shears and moments are found 
for all the pins, and from these their diameters are computed 
by the method explained in Part ITI. 


Prob. 81. At the upper panel point C (Fig. 50) the centers of bear- 
ing of the two sides of the chord CD are 18.9375 inches apart, those of 
the diagonal Cd are 13.5935 inches apart and those of the post Ce are 
10.9995 inches apart. The packing of the joint is symmetrical. The 
horizontal and vertical components of the greatest stress in the diagonal 
Cd are 199 200 and 241 400 pounds respectively. Compute the greatest 
shear and bending moment on the pin. 


ArT. 82. FLoor STRINGERS. 


Plate girders are extensively used for bridges of short span 
as well as for the stringers and floor beams of trussed bridges. 
A plate girder is like a rolled steel beam in having an upper 
flange, a lower flange and a web, but the flanges are angles 
and plates riveted to the web, which may be one solid plate for 
short lengths of span, but which usually consists of two or more 
plates spliced together. In this article, however,the plate 
girder will be regarded as a solid beam, the discussion of the 
rivets and splices being given in Part III. A common methcd 


ART. 82. FLOOR STRINGERS. 261 


of designing the web is to regard it as carrying all the vertical 
shear, and to give it a cross-section sufficient for the maximum 
shear which may occur at the ends. Also the flanges are de- 
signed to carry the maximum moments, their stresses of tension 
and compression being found by dividing the moments by the 
distance between the centers of gravity of the two flanges. 
Another method is to use the formula for solid beams, and 
from it to compute the flange stresses. 

The maximum shear at any section of a plate girder, due to 
locomotive axle loads, is ascertained by placing the load upon 
the span by the method of Art. 43, provided the girder supports 
a floor system composed of floor beams and stringers. Fora 
plate girder which directly supports the cross-ties or a solid floor 
so connected to the girder as to distribute the load continuously or 
at points spaced close together, as well as for a stringer, the posi- 
tion of the load is found by the method of Art. 43 in Part II. 


The maximum moment at any section of a plate girder occurs 
when the locomotive is so placed that the loads‘on the left and 
right of the section are proportional to the distances of the 
section from the left and right supports (Art. 45). There may 
be several positions of the locomotive which fulfil this condition, 
and the one giving the largest moment must be found by trial. 
The moments are greatest for sections near the middle of the 
span, and the largest one is called the absolute maximum 
moment. The section where the absolute maximum moment 
occurs is not generally at the middle of the span, but near it, 
and it occurs under one of the concentrated loads. At this 
section the shear is zero and hence the reaction at eacl. end of 
the bridge is equal to the sum of the loads between that end 
and the section. Let W be the total load on the girder, @ its 
span, a the distance from the left end to the section where the 
absolute maximum moment occurs, and P' that part of W which 
is on the distance a. Then P' =(a2//)W, as shown in Art. 45. 
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Now the reaction # at the left end is equal to P’ since there is 
no shear at the section. But if 4 be the distance from the right 
end to the center of gravity of the load W, then R=(6//)W. 
Accordingly a= 4, that is, the section of absolute bending mo- 
ment is as far from the left end as the center of gravity of the 
loads is from the right end. From this follows the practical 
rule that the distance between the section of absolute maximum 
bending moment and the center of gravity of the loads is bisected 
by the middle of the span. This moment occurs under one of 
the two loads next to the center of gravity of all the loads on 
the span, and generally under the nearest one. 


For example, take two loads, each 24 000 pounds, which are 5 
feet apart, and let it be required to find the maximum moment 
for a girder of 12 feet span. The distance between one of the 
loads and the center of gravity of the two loads is 2.5 feet, and 
hence the section of absolute maximum moment is at 1.2 5 feet 
from the middle of the span. Placing one load 1.25 to the left 
of the middle, and the other 5 feet to the right of it, the left 
reaction is 19 000 pounds, and the absolute maximum moment 
is 90 250 pound-feet. The greatest shear at the supports, due 
to these loads, is 29 000 pounds. 


In order to facilitate the computation of shears and moments, 
tables of equivalent uniform loads for both shears and moments 
are often prepared for different loadings. The following, for 
example, is a part of CoopEr’s table, taken from his 1901 
Specifications for Steel Railroad Bridges, for the locomotive and 
train loading called E 40 (Art. 40). This is useful for the com-. 
putation of stringers, but it should be noted that the results are 
given for one track, and hence they should be divided by two 
for one stringer. The equivalent uniform loads are those which 
give same absolute maximum moment and end shear as the 
loading E 4o, and hence they will give slightly different moments 
and shears for other sections than the actual loads (Art. 48). 
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Equival.ENT Unirorm Loap. 


Pounps PER LINEAR Foot. 


SPAN. AssoLuTe Maxi- | Maximum Enp 
MUM MoMENT. SHEAR. 
For Moments. For Shears. 
feet. pound-feet. pounds. 
10 II2 500 60 000 gooo 12 000 
12 160 000 70.000 8890 11 670 
F4 220 000 77 200 8980 II 030 
16 280 000 85 000 8750 10 620 
18 340 000 93 400 8400 10 380 
20 412 500 100 000 8250 10 000 
22 491 400 105 000 8120 9 590 
24 570 400 110 800 7920 9 230 
26 649 600 116 100 7690 8 930 
28 731 000 120 800 7400 8 630 
30 821 000 126 100 "7300 8 410 
32 gio 800 131 500 7520 8 220 


The economic depth of a plate girder occurs when the amount 
of material in the web is equal to that in the flanges, provided 
the thickness of the web be uniform, and the flanges be of equal 
section throughout. To prove this, let / be the span, hk the 
effective depth, ¢ the thickness of the web, J the absolute maxi- 
mum moment, s the unit-stress used in designing the flanges 
and v the weight of a cubic unit of the material. Then the 
volume of the web is closely z4/ and its weight is vth/. The 
stress in each flange is 17/4, its cross-section is M//zs, its volume 
is M/hs and the weight of the two flanges is closely 2 vM//hs. 
Accordingly, the total weight of the girder, neglecting rivets, 
stiffeners and splices, is, 

2M 


wav (2 +m) 
sh 
and this is a minimum when z/ equals 2 J//s/, that is the eco- 
nonic depth occurs when the weight of the web is equal to the 
weight of the flanges. The economic depth is thus given by 
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®—2M/st. For instance, take a stringer 22 feet long, on 
which the moment J7/ is 245 700 x 12 pound-inches under the 
loading E 40, let s be 10000 pounds per square inch and ¢ be 
3 inch; then 4 = 34.3 inches is the economic depth of the girder, 
but the weight of the floor and the weight of the girder itself 
will tend to slightly increase this value. 

Prob. 82 a. ‘Two loads of 12 000 and 18 000 pounds are six feet apart, 


Compute the absolute maximum moments which they produce in spans 
of 14, 12 and 10 feet. 


Prob. 82 4. The distance between two equal axle loads is . Find the 
span / of a beam so that its greatest bending moment, due to either one 
or both loads, shall be the same. 


ArT. 83. FrLoor BEAms. 


The floor beams of a highway bridge are connected to the 
opposite posts of the trusses and support a number of concen- 
trated loads equal to the reactions of the ends of the stringers 
which are supported by it. When there are sidewalks outside 
of the trusses they are supported by the cantilever projections 
of the floor beams. The greatest positive bending moment 
occurs when the roadway has its full load and the sidewalks are 
unloaded, while the greatest negative moment occurs at all sec- 
tions between the supports when the sidewalks are fully loaded 
and the roadway is unloaded. The greatest shear occurs when 
the adjacent sidewalk and the roadway are loaded, while the 
opposite sidewalk is empty. The larger reaction under this live 
loading equals the panel live load which should be used in com. 
puting the stresses in the trusses. 


In a single-track railroad bridge the floor beams usually sup- 
port two lines of stringers placed at equal distances from the 
trusses. The live load shear in any beam is-then equal to the 
greatest floor-beam load (Art. 42) outside of the stringers and 
zero between them. The bending moment due to live load 
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increases uniformly from zero at the supports to its greatest . 
value at and between the stringer connections. The same dis- 
tribution of shears and moments occurs under the dead load 
exclusive of the weight of the beam itself. 


In a double-track bridge the vertical shear due either to the 
live load or to the dead load exclusive of the weight of the floor 
beam itself, is the greatest between the supports and the outer 
stringers, one-half as much between the stringers of each track 
and zero between the inner stringers. The maximum bend- 
ing moment occurs between the inner stringers. The relative 
values of the bending moments at the first and second stringers 
may be observed on Plate I. 


Prob. 834. Check the shear: and moments of the intermediate floor 
beams on Plate I. 
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In a deck plate-girder bridge each track is always carried by 
two girders, the cross-ties resting directly upon the upper flanges 
of the girders. In a through girder bridge of the ordinary type 
the floor system consists of stringers and floor beams similar to 
that of a truss bridge. Two girders are used for either single 
or double-track bridges, and three girders for four-track bridges. 
A view of a double-track plate-girder span is shown in Fig. 18 a 
next to the trussspan. Solid floors have come into considerable 
use since 1895 both to secure very shallow floors and to enable 
the regular form of track with ballast to be carried over the 
bridges. 

The dead load for a single-track plate-girder bridge with the 
regular open floor and designed to carry a live load equal to 
Cooper’s class E 40 (Art. 40) is approximately as follows: 


For a deck bridge, w=550+ 92 
For a through bridge, w= 800+ 1172 
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in which w is the dead load in pounds per linear foot and @ is 
the span in feet. For class E 50 it is necessary to add from 6 
to 7 percent to these loads. For a double-track through plate- 
girder bridge the dead load is about twice that fora single track 
bridge. The effect of reducing the depth of the floor system 
upon, the weight of through girder bridges is shown in a table 
of estimated weights based upon the standard plans of the 
‘Atchison, Topeka and Santa Fé Railway, in Engineering News, 
Vol. 49, page 484, May 28, 1903. 


In Art. 82 are given the methods of computing the shears 
and moments in plate girders as well as the determination of 
the correct position of the loading so as to cause the greatest 
shears and moments at the different sections selected. For 
example, in a deck plate girder of 80 feet span under class E 50 
loading, the greatest shear occurs in every section in the left 
half of the span when axle 2 is at the section. ‘When axle 2 is 
at the left end of span, wheel 15 is at the right end, and hence 
the shear is found with the aid of Fig. 41 @ to be 


V= [13 520—(12.5 x 88)]/80= 155.3 kips 


The maximum moment near the center usually occurs under 
‘the same axle load as for the section at the center of the span. 
Placing axle 12 (Fig. 41 a) at the center of the span, it is found 
that the loads 6 to 18 inclusive are on the span. The total load 
on the span is 242.5 kips, while that on the left of the center 
lies between the values 102.5 and 127.5 kips; thus satisfying 
the criterion (see Art. 45). The center of gravity of these loads 
is found as follows: The moment of loads 1 to § inclusive about 
axle 18 is 2050+ 112.5(104 — 32)= 10150 kip-feet, and hence 
the moment of the axle loads 6 to 18 inclusive about the sarne 
axle is 18 680—10150= 8530 kip-feet. The distance of the 
center of gravity from axle 18 is then 8530/(355 — 112.5) = 35.2 
feet, or at 0.2 feet on the left of axle 12. Accordingly the center 
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of the span must be placed o.1 foot on the left of this axle 
where the greatest moment occurs (Art. 82), and when so placed 
it is found that all of the axle loads 6 to 18 still remain on the 
span. If this were not the case, a new center of gravity would 
have to be found. 


The moment of loads 1 to 18 about the right support is 18 680 
+ 355 X 4.9 = 20 419 kip-feet, while that of loads 1 to 5 is 1037.5 
+ 112.5 X 85.9=10 701 kip-feet, and hence that of loads 6 to 
18 is 20419 — 10 701 = 9718 kip-feet. Ina similar manner the 
moment of the loads 6 to 12 about the section at axle 12 is found 
to be 2172 kip-feet. Therefore the bending moment at this 
section is J/ =(9718 x 40.1/80) — 2172 = 2699 kip-feet. 


The above example shows that the computation of bending 
moments for plate girders is more laborious than for trusses. 
This is particularly true in regard to finding the loads which 
cause the greatest moments as well as their correct position. 
In this respect the graphic method described in Part II, Art. 
42, is much more convenient, the stretching of a thread indicat- 
ing at a glance whether a given loading satisfies the criterion. 
The measurement of the corresponding ordinates to the closing 
lines of the equilibrium polygon indicate at once which loading 
causes the greatest bending moment. 


Prob. 84. A single-track through plate-girder bridge has a span of 80 
feet, while its floor system has 5 panels. Compute the greatest bending 
moments in one of the girders at each floor-beam connection, and the 
greatest shear in each panel due to Cooper’s loading, class E 50. 
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CHAPTER VII. 
DEFLECTION AND LEAST WORK. 
ArT. 85. ExTERNAL AND INTERNAL .WORK. 


The work performed upon any truss by a single load increas- 
ing uniformly from o up to P, is equal to 4 P multiplied by the 
deflection A which occurs under the load; for the mean force 
1 P is exerted through the distance A. Thus the external work 
of a single load is } PA. The work performed by several loads, 
P, Py Ps, etc., which deflect through the distances A, Aj, Ag, 
etc., is the sum of the partial works, or, 


K=}(P,A4,+ PA, + PA, + etc.) 
is the total external work dohe upon the truss by all the loads. 


The internal energy of the resisting stresses in a truss is the 
half-sum of the products obtained by multiplying the stress in 
each member by its change of length. For, if the stress in 
any member increases from o up to S, as the load is gradually 
applied, and if A, be the total change in length thus produced, 
then 3} S,A, is the energy stored in that member. If Soy Dg) Clg 
be stresses in other members, and Ag, Az, etc., be the correspond- 
ing changes in length, then 


Ke = $3(SyAy + Syrg + S3rg-+ etc.) = LEIA 
is the total energy stored in the members of the truss. 


The stresses S,, S,, etc., caused by the given loads may be 
computed for any truss by the methods of the preceding chap- 
ters. Let the lengths of the members be 1, 2 etc., and the 
areas of their cross-sections be 4, Ay, etc. Let = be the modu- 
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lus of elasticity of the material, which will be taken as the same 
for all members. Then, from Mechanics of Materials, 


A, = Sy4,/A1E, tg = S0//AQE, etc. 
and thus the above expression becomes, 
ee Sela gl 
Sib ts ae ee a eee 
ss — af A,E = A,E* etc.) 22 AE 
which gives the total stored energy in the truss. This energy 
can produce an equivalent amount of work, and & is often 
called the internal work. This expression is only valid when 
the unit-stresses S,/A,, S,/A, etc., are less than the elastic 
limit of the material. 


For any existing bridge the lengths and cross-sections of the 
members may be found by actual measurement, and thus the 
internal work can be determined after the stresses have been 
computed. The above expression is, however, mainly of use in 


finding the deflections of trusses, the method for which will be 


explained in the following articles. 


Prob. 85. How many foot-pounds of work are required to stress a 
bar from o up to 12500 pounds per square inch, the length being 
30 feet, the cross-section 8 square inches and E= 30000 000 pounds 
per square inch? 


Arr. 86. BRIDGE TRUSSES UNDER ONE LOAD. 


- Let a single load P be on the bridge truss and let A be the 
deflection beneath it; the external work is 4 PA, and this must 
be equal to the stored energy or internal work of all the resist- 
ing stresses in the members. Hence 4PA is equal to the 
expression given in the last formula in the last article, or, 
Wee le Sets Ae 
A= p(t t+ ete. = pe Eo 


is the deflection of the truss due to the single load P. 
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As an example take the king-post truss in Fig. 86, the span 
being 16 feet and depth 8 feet, the cross- 
section of the struts 8 x 8 inches and that 
of the tie and lower chord 6 x6 inches. 
It is required to find the deflection due to 
a load of 12000 pounds at the middle, 
taking the modulus of elasticity for timber 
aS I 500000 pounds per square inch. The computations give 


Fig. 86, 


S Z A S22 
MEMBER. Pounps. INCHES. Square INcHEs. A 
Tie +12 000 96 36 384 000 000 
Chord +6 000 192 36 192 000 000 
Strut —8 490 135.7 64 153 000 000 
Strut —8 490 135.7 153 000 000 


the values of S?//A in the last column, and the sum of these is 
882 000 000; then 


_2-S¥Y/A__ 882000000 


A = 
ee 12 000 X I 500 000 


= 0.049 inches 


which is the deflection at the middle due to the load of 12 000 
pounds. Fora load of 24 o00 pounds each S will be twice as great 
as before, and hence the deflection will be doubled. However, if 
any of the unit-stresses exceed the elastic limit of the material, 
the deflection cannot be computed by the above method, since 
then the changes in length of the members are not proportional 
to the stresses, and the formula for A is not valid. 


When all the members of a truss have the same cross-section 
A, the formula for deflection may be written (1/PEA)SS% 
and the computations are simplified. For instance, take a 
through Warren truss of four panels on the lower chord; the 
panel length being p and the depth of the truss ap. Then 


ART. 87. BRIDGE TRUSSES UNDER ANY LOADS. 271 


for a load P at the middle, the value of =S?/ will be found 


to be (11+2¥V2)/2p and the deflection under the load is 
(11+2V2)Pp/EA, provided no unit-stress exceeds the elastic 
limit of the material. 


Prob. 86. Find the deflection of a through Warren truss of four 
panels due to a load P on the lower chord at the quarter point of the 
span, each member having the same area of cross-section 4. 


ArT. 87. BRIDGE TRUSSES UNDER Any LOADs. 


The formula of the last article gives the deflection at the apex 
where the single load P is placed, but usually the deflection at 
a certain apex due to several given loads is desired. The 
stresses S,, S,, etc., due to these loads are first computed. Now 
let Q be any part of the load which is at the apex where the 
deflection A is to be.found; then the external work due to Q 
is 4 QA, and this must be equal to the internal work due to Q. 
For any member whose stress is S,, the total internal work is 
4 S\(e, +e +e,''+-+"), where ¢, is the change of length due to 
Q and e¢,', ¢,", etc., are the changes of length due to the other 
loads. The internal work in the given member due to @ hence 
is 1 S,e; Now let 7, be the stress in this member due to Q; 
then the value of ¢, is 7,/,/A,£, and the internal work in this 
member due to Q is 4.S,7,4,/A,z. A similar expression may 
be written for each of the other members, and hence 


A 


_ 1 (S174 , SoTZo/o ea 
= oa( Ay z A, a9 (QE A 


is a general formula for finding the deflection at any point of a 
truss. The load Q may have any value, since the stresses 7 
are proportional to it; and it is usually taken as one pound or 
one kip; then EA=2S7//A is the formula for practical use, the 
stresses Z being those due to the load unity. 
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To apply this method to the king-post truss discussed in the 
last article; let the total load at the foot of the vertical be 
12000 pounds, as before. The stress S in each member due 
to this load is first found and placed in the second column of 
the following table. Then the stress 7 in each member due to 
a load unity at the foot of the vertical is found and placed in 


<S) Vig Z A 
Pounps. PounDs. INCHES. Square INCHES, 


SLL 
MEMBER, ae 


Tie +12000 | +1.0 96 36 +32 000 
Chord + 6000} +0.5 192 36 +16 000 
Strut — 8490 | —0.707 135-7 64 +12 700 
Strut — 8490 | —0.707 135-7 64 +12 700 


the third column. The values of the length 7 and the section 
area A for each member are in the fourth and fifth column, and 
the computed values of S7//A for each member in the last 
column. The sum of these being 73 400, the deflection is 


Pia: sof _ 73 400 


De ey ee 0.049 inches 


which agrees with the result previously found. The method 
here given, however, has the merit of being applicable to any 
joint of a truss loaded in any manner. 


As a second example let it be required to compute the deflec- 
tion at the middle of the Warren truss shown in Fig. 87, due 
to a load of 4500 pounds at each 
lower panel point. The length of 
each panel is 10 feet, the depth 
10 feet and the areas. of the cross- 
sections of the members are those given in the fifth column 
below. First, the stresses due to the given load are computed 
for each member and placed in the second column. Then the 
stresses due to a load of one pound at the middle are found and 


2 
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arranged in the third column. On account of the symmetry 
of the truss and load it is only necessary to take one-half the 
members, writing for the middle panel of the upper chord one- 


half its length in the fourth column. The sum of the quantities 


Ss ae : 
Pounps, Pounps. : Square INcHEs. 


MEMBER. 


3.6 + 3900 

26.0 + 2800 

9.0 +12 200 

20.0 + 9000 

12.0 +19 900 

x 20.0 | +34 000 

—11 250V3 : ‘ 20.0 3 900 
Brace 1 | +11 250V3 eve : 10.4 7 600 
2 |}— 6750V3 5 V4 : 10.0 4 700 
3 |+ 6750V3 : , é 6 650 
4 |/-— 2 250V 3 5V5 : : 2 600 
5 | + 2250V3| +0. 3 . 3 000 


in the last column is 110 250 and hence the value of 2 S7//A is 
220 500 for the entire truss. This should be multiplied by 12, 
since 7 has been taken in feet, and 

St 220 500 X12 


A= oe mas er = 0.088 inches 


which is the deflection at the middle due to the given loads. 


The preceding method is due to Lame, and was subsequently 
developed by MAxwELt and by WINKLER. Its first publication 
in the United States was by Swarn in the Journal of the Franklin 
Institute in 1883. It is, however, usually found that the actual 
deflections are somewhat greater than the computed ones, owing 
to looseness of joints, an element which of course cannot be 
taken into account theoretically. The dynamic action of the 
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live load also causes the deflections due to such loads to be 
greater than the static values found from the above formula. 


Prob, 87a. Compute the deflection of the above truss at the first 
panel point. (Note that the product SZ is negative when S and 7 have 
opposite signs.) 

Prob. 874. A through Howe truss of eight panels has the depth @ and 
the diagonals make the angle 6 with the vertical. If all members have the 
same cross-section, show that, under a load P at each apex of the lower 
chord, the deflection at the middle is (8.5 + 108 tan*0+ 8 sec’6) Pa/ZA. 


ArT. 88. CANTILEVER TRUSSES. 


The method of the last article is of value in computing the 
deflection of the end of a drawbridge truss due to its own 
weight, since this is needed in arranging the levels of the bridge 
seats. An example of the computations for such a case is given 
in Art. 21 of Part IV. It can also be applied to the cantilever 
truss of Art. 95, or to the arm shown in the following figure. 
Let this steel truss be 35 feet 
long and § feet deep. Let the 
load Py be 20000 pounds, and 
each of the other loads be 1000 
pounds. All the lower chords 


have a cross-section of 30 square 
inches, all upper chords a cross-section of 20 square inches 
and all web members a cross-section of 9 square inches. It is 
required to determine the deflection of the end under the given 
loads. 


The stresses due to the given loads are tabulated below in the 
column headed S, and those due to a load of one pound at the 
end in the column headed 7. The products S7 for each mem- 
ber are given in the fourth column. As each panel of the 
upper chord has the same length and cross-section, the sum of 
the values of S7 for these panels is taken, multiplied by 10 feet 
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and divided by 20 square inches to give S7//A for the upper 
chord. Similarly these sums are found for the other members, 


MEMBER. adie 

—o his + 82 000 

3-5 +4 | + 344000 Ke) 20 618 000 

ont, +6 | + 810000 

oa cet + 20000 

2-4 —3 | + 189000 i 10 30 25 3 000 

4-6 |— 110000 — —5 + 550000 

6-8 |— 161000 —7 |—1127000 5 30 187 800 

o-1 | +20000V2|+V2]} + 40000 | 

I-2 | —21000V2|—V2| -+ 42000 

2-3 | +22000V2}+V2| + 44000 

cs? ie ae 000-V 2 —V2| +46000 }|5-V2 9 253 000 

4-5 + 24000V2| +V2 + 48 000 

s-6 | —25000V2|—V2] + 50000 STI 
+26000V2}+~V2| +.52000 J a ee 800 


the total being 1 308 100 x 12 interms of inches. Then since Q 
is one pound and E is 30000000 pounds per square inch for 
steel, the formula of the last article gives 


weg Sen 311 800 X 12 


= = 0.52 5nch 
Cn. A 30 000 000 Sas ae 


A. 


which is the deflection of the end under the given loads. 


This method is also applicable to the determination of the 
horizontal displacement of any panel point of a truss. For this 
purpose a horizontal force Q is to be applied at the point where 
the displacement is to be found; the stresses 7 due to this force 
are computed and the products S7/7/A found for each member. 
Then A’=(1/QE)=S7//A gives the required displacement. 
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For example, let a force of one pound be applied at the end of 
the cantilever truss of the above figure acting towards the left. 
The only members stressed by this force are 0-2, 2-4, 4-6, 6-8, 
these stresses being +1, +1, +1, +1. Multiplying these by 
the values of S in the above table, and by the corresponding 
lengths /, and dividing by the areas A, the value of 2S77/A is 
found to be —9gI 200 x 12, and hence the horizontal displacement 
of the end is — 0.036 inch, the minus sign indicating that it - 
moves towards the right. By the use of the same formula the 
displacement of any apex in any direction may be ascertained. 


Prob. 88. Compute the deflection and the horizontal displacement ol 
the apex 3 of the above truss, due to a load of 19 000 pounds at the end 


ArT. 89. STIFFNESS OF BRIDGE TRUSSES. 


The preceding articles have dealt with cases where the sizes 
of all members are known. The case will now be discussed 
where nothing is known about the sizes of the members except 
that they have been or are to be designed for the maximum 
stresses thatcan come upon them. That is, S/A, in the general 
formula A=(1/QE)=S7//A, is the unit-stress s used in the 
design. As in Art. 72 it will be supposed that the allowable 
compressive unit-stress is one-half of the tensile, so that the 
formula may be written 


EA=s> ,J7+4s>,77 


in which 7 is the stress in any member due to a load unity at 
the point where the deflection is required, 7 is the length of a 
member, s is the unit-stress-used for tension, while =, 77 applies 
to tension members and =,7/ to compression members. From 
this formula approximate discussions of the deflection of trusses 
may be made, it being supposed that the bridge is so loaded 
that the unit-stresses s and }s prevail. Although this condition 
cannot be fulfilled for all members, the: discussion will enable 
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general laws to be deduced in a manner similar to those of eco- 
nomic depth in Art. 72. The less the deflection of a truss the 


. greater is its stiffness, and stiffness is a desirable element, since 


the lack of it causes joints and rivets to become loose. 


The deck Pratt truss of Fig. 89a will first be discussed, the 
span being /, the number of panels m, the panel length g. Let 


a load unity be put at the middle where the deflection is to be 
obtained; then the average bending moment due to it is 47, the 
average chord stress is }///, and hence 2,77 is 4 m/p/h for the 
lower chord and &,77 has the same value for the upper chord. 
The shear due to the load unity is } for all sections, and hence 
71 is kmh for all verticals, while 2,77 is }m(p?+/?)/h for 
all diagonals. Then the formula becomes 


_ s(3mlp 8m 
pA = <( 5 + yh +12mh)_ 


Differentiating with respect to Z, and equating the derivative to 
zero, gives i. Se eee 
. h[p =V(3m+8)/12 

which is the ratio of depth to panel length, or the value of cot@ 
that produces the least deflection and hence the greatest stiff- 
ness. The following are values of 2/p and /// for several values 
of m: 


i = 4 8 12 20 30 
hip = %1.29- 1.63 1.92 2.38 2.85 
hji = .0.32 0.20 0.16 0.12 0.09 


By comparing these with the corresponding ratios for economic 
depth in Art. 72, it is seen that the same general laws hold for 


maximum stiffness as for minimum material, the ratios for stiff- 
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ness being slightly smaller than those for economic depth. 
Hence at the economic depth a truss is not quite as stiff as 
if the depth were a little less, but for depths lower than this 
advantageous one, its stiffness decreases. 


For the through Warren truss of Fig. 890 a similar investiga- 
tion may be made, and it will be found that the ratio of 4/4, 
or the value of cot0, that gives greatest stiffness is V7 +2, and 
similar laws hold as for the Pratt truss. In general it appears 
that the advantageous depth of a truss for stiffness is a little 
less than the economic depth. For a solid beam, however, there 
is no advantageous depth for stiffness, but this continually in- 
creases with the depth. The laws governing the deflection of 
trusses are hence different from those of solid beams and gird- 
ers, for the above discussion shows that the deflection of a truss 
depends not only upon the span and depth but also upon the 
panel length. 


The above formula for the Pratt truss may be reduced to a 
simpler form by replacing % by the economic depth pV(m + 1)/3 
and m by //p, when it becomes 


EA = 0.87 S/V1 + (d/p) 


which exhibits the laws of deflection for a properly designed 
truss, although it will probably fail to give reliable numerical 
values for actual cases. For the deflection due to live load, s 
should be taken as the unit-stress due to that load, and this 
increases with the length of the span. 


Prob. 89. Prove the above statement regarding the ratio 4/3 ~ which 
gives the greatest stiffness for the Warren truss. 


ART.90. BEAMS witH Constant SECTION. 


For a solid beam the preceding method requires modification 
and the case will be discussed in which the horizontal fiber 
Stresses are also considered. Let Fig. 90a@ represent part of 
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a side view and a cross-section of a beam under flexure. Let s 
be the unit-stress at the remotest fiber distant c from the neutral 
surface; then the unit-stress at the distance z is s-z/c. Now 
let a load unity be at the point of the beam where the deflection 
is to be obtained and let T be the unit-stress due to it at the 
remotest fiber and T-2/c that at the distance z. These stresses 
act over the elementary area A, and hence in the formula of 
Art. 87 the stress S is to be replaced by As-2/e and T by 
At-z/¢, so that it becomes A= Zs7/Az*/?rx. Now let A be 


P 
P 


Tenstesen> ee. > Y 
Fig. 90 a. : Fig. 90 4. 


the bending moment due to the given loads and m the bending 
moment due to the load unity; then from the theory of flexure 
s= Mc/I and t = mce/1, where J is the moment of inertia of the 
cross-section, which is Zaz?. Substituting these values, and re- 
placing / by dr, gives Mm dx/EI as the deflection due to the- 
stresses acting through the cross-section in the distance dv. 
This is now to be integrated over the entire length of the beam, 
and if J be constant, it can be placed without the sign of integra- 
tion; accordingly 
E/JA = {Mn ax 

is a general formula for finding the deflection of a beam having 
a constant cross-section throughout. 


As an example, let it be required to find the deflection of the 
end of the cantilever beam in the upper diagram of Fig. 906 
due to a load P at the distance &/ from the end, / being the 
span and # a number less than unity. Let x be any distance 
from the left end; then #7=o0 when + is less than 47 and 
M=-— P(x—l) when =~ is greater than 4/2, Let the vertical 
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force unity be put at the end; then m=—- for ali sections, 
The above formula then becomes 


E/A =P A (a2 — kln)dr = 1 PB(2 — 3 b + 23) 


which gives A for any value of &. When’£=0, the load P is 
at the end and A= //8/3 E/ provided the elastic limit of the 
material be not exceeded. 


The horizontal displacement of the end of the cantilever beam 
can also be obtained from the above general formula by the 
help of the equation of the elastic curve. For Fig. 90 6 it is 
known that this equation is y= A,(2 28 — 3 lL + x8)/2 13, where 
A, is the deflection under the load. Let the horizontal force 
unity be applied to the end of the beam. Its moment is 
m = —(A,—y) and the moment of P is M™=—Pr. Then the 
formula becomes 


EIA=P {"(A,—y)x de =(PA,/2 2) if, ‘(3 2x2 — 28) der 


from which the horizontal displacement of the end of the beam 
is found to be 6 A,?/5 /, and this is very small compared to the 
vertical deflection of the end. 


A solid beam is under shear as well as under horizontal ten- 
sile and compressive stresses, and this increases the deflection, 
the shorter the beam the greater being its influence. A dis- 
cussion of the effect of shearing will not be given here, but it 
may be said that, for the beams commonly used in engineering 
practice, the increase in deflection due to it is generally less than 
ten percent of that computed from the above formula. It may 
also be noted that this formula for deflection, like those of the 
preceding articles, is only valid when the unit-stresses are less 
than the elastic limit of the material. 


Prob. 90. Deduce by the above method the deflection of a simple 
beam at a point distant 4/ from the support due to a uniform load 
over the entire span. 
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When the beam has different cross-sections throughout its 
length; the moment of inertia is different for each, and hence 
/ in the formula of the last article must be placed under the 
“sign of integration. Hence for this case 


pA = (2ee 


is the general formula for the deflection at the point where the 
load unity is placed, and the integration must be so performed 
that the variation in / shall be fully taken into account. 


For example, a plate girder of constant depth may vary in 
cross-section on account of the different sections of the flanges, 
as seen in Fig.gta. Let a@ be the half-span, 4 and c the dis- 
tances from the left support to the ends of the cover plates and 
Z,, /2, 73, the moments of inertia for the distances a— 6, b—c, c. 


Se gla, Fig. 91 4, 


ARE 


The general formula for this case must hence be written 


i *Min dx >Mm dx “Mim dx 
ah=2f Sra paras wae 
To apply this to the determination of the deflection at the middle 
of such a girder due to a uniform load of zw per linear unit, the 
moment due to this load at any section distant x from the left 
support is =war—4we. Placing the load unity at the 
middle the moment due to it is #=i-. Inserting these values 
and performing the integrations, there results 

s_B B-3, A w/ei—-h,A-c 

Neg ped Das AG yee ( ae oe 

( {, vas AE /; ly q t, f, 


SE 
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which is the formula deduced by Hupson in 1903. If the 
girder be of uniform section /,, the distances 6 and ¢ are. zero, 
ais $/and the deflection is 5 w/*/384 E/,. 


When / can be expressed as an algebraic function of 4, the 
integration of the formula, if it can be made, will give the 
deflections at the desired point. For instance, take the solid 
beam of Fig. 91 4, let 7) be the moment of inertia at the middle 
and let the moment of inertia at any distance x from the left 
support be /= /)(/v — 2*)//*. Then under a uniform load, the 
quantity W/m/Z becomes wi*x/4 4, and the deflection at the 
middle is found to be w//16E/). Cases like this are rare in 
practice, but the application of the general method to plate- 
girder drawbridges is sometimes important and necessary. 


Prob. 91. Consult Hupson’s paper in Transactions Americas Society 
of Civil Engineers, Vol. 51, December, 1903, and ascertain how the 
above method can be applied to the determination of the true reac 
tions of a plate-girder drawbridge. 


ART. 92. DEFLECTIONS DUE To LivE Loap. 


The deflections considered above are those due to static loads, 
but under a live load the deflection is found to be considerably : 
greater. One reason for this is that the load, instead of moving 
in a straight line on the level floor of the bridge, moves in a 
curve and the centrifugal force due to this increases the vertical 
pressure. This increase is small, never amounting to as much 
as five percent of the static deflection for spans over 100 feet 
in length, and it forms but a small part of the total dynamic 
deflection. 


When a sudden load is applied to a beam, its deflection is 
double that due to the same'static load. This dynamic deflec- 
tion lasts but an instant and a series of oscillations follows, until 
finally the beam comes to rest under the static deflection if the 
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load remains at rest on the span. A sudden load is one which 
acts with its full intensity while the deflection is increasing 
up to its maximum value. In strictness such a load cannot be 
applied to a bridge, because time is required for the span to 
become fully loaded. It is observed, however, that the deflec- 
tion of a bridge is always greater under a live load than under 
the same load when at rest, that it is greater for high velocities 
than for low ones, and that for the same velocity the percentage 
of increase is greater for short spans than for long ones. If A 
be the deflection under a static load, the deflection 6 under the 
same load moving at a speed of 60 miles per hour is probably 
about 1.80A for a very short bridge and about 1.30A for one 500 
feet in span. Taking these rough values, the deflection 6 for a 
railroad bridge of span 4, under a live load, may be expressed 
by the empirical formula 


§ = A(s40 +7)/(300 + 7) 
This gives 6=1.80A for 7/=0, 6=1.60A for /= 100 feet, and 
1.40A for 7=300 feet; these values are-probably only an 
approximation to the truth, but they fairly agree with the 
impact allowances given in Art. 58. 


In conclusion it may be noted that very high speeds, such as 
200 miles per hour, might produce less dynamic deflection than 
the usual speeds, for there might not be time enough for the 
load to fall through the distance 6. This will be the case when 
the velocity is greater than JV z/8 68, where g is the acceleration 
of gravity. If a velocity as high as V gr were possible, where 
vis the radius of the earth, the moving body would produce no 
vertical pressure on the bridge and hence there would be no 
deflection. 

Prob. 92. What time is required for a body to fall through the verti- 
cal distance of ri inches? If a bridge 200 feet long have a deflection 


of 11 inches under a static load, what must. be the speed of the load, 
in miles per hour, in order that no greater deflection shall occur? 
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ART. 93. THE PRINCIPLE oF LEAST WOkKK. 


A redundant system is one which has more members than 
necessary, so that the stresses cannot be computed without 
introducing some other condition than the three given by the 
principles of statics. A Howe truss with counter braces is a 
redundant system, and in order to compute the stresses due to 
' dead load the condition is introduced that the counters are 
unstrained, while under live load the condition is used that the 
diagonals can take only compression; these conditions are 
allowable because the truss is so constucted that the diagonals 
cannot take tension. The Whipple truss is a better example of 
a redundant system. In order to find the stresses under dead 
load the condition was introduced in Art. 65 that each system 
acts independently of the other, while for the stresses due to live 
load the division was made in a different way. While these 
conditions are the ones usually employed in practice, they are 
not strictly correct. . 


A general condition for determining the stresses in the mem- 
bers of a redundant system is the following : 


The true stresses in a redundant system are such that 
the total internal work of all the stresses is a minimum. 


This is called the principle of least work ; it is sometimes con- 
sidered as an axiom that the energy of any system of resist- 
ing stresses will not be greater than the minimum which is 
necessary to maintain equilibrium with the external forces, but 
the principle may be proved in the following manner. Let 
Sy, Sg + S, be 2 forces in equilibrium, and let a very small 
displacement be imagined to be made, without performing work 
on the system, so that the points of application of the forces 
move through the ssmall distances ary, Ary ++ Ar» Then, 
since no work is done, 


SiG, + Sod rg + Sgdrg + oe + Sa, = 6 
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and, if the equilibrium be stable, the integral of this is 
SyAy + Spry + oe + S,A, =a minimum 


in which Aj, A,, ++ A, are the distances through which the points 
of application of the forces have actually moved in acquiring 
the state of stable equilibrium. In an elastic system, like that 
of a bridge truss, the forces S are the stresses in the members, 
and the distances % are the changes of length S//Ar due to 
the stresses, and hence the principle of least work as applied 
to a truss is that =S*// AE must be a minimum. 


To illustrate the application of this principle let a load P be 
suspended from a ceiling by three strings of equal size as in 
Fig. 93. The middle string is vertical, and yyy 
each of the others makes an angle @ with it. 
There are here three unknown stresses and 
only. two static conditions. The condition 
that the sum of the horizontal components 
must vanish gives S,;=S,. The condition 
that the sum of the vertical components Fig. 93. 
must vanish gives P—S— Sjcos6—S,cos@=o0. The third 
condition is to be established from-the principle of least work. 
Let / be the length of the vertical string, /, and /, the lengths of 
the others and A the cross-section of each; then, 


S27 3S ,4/, S24) 
= tft 144 Y24 
si +(5-+ AE . AE 


is the internal work which is to be made a minimum. For this 
purpose let S, and S, be found in terms of S from the two static 
conditions; thus 

; Spe = a —sysecd 
and let these be inserted in K; also 4, =/,=/sec0. Then the 
expression to be made a minimum is 


K=(S?+ 4(P — S)sec®0)// AE 
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By differentiating this, and placing the derivative equal to zero, 
there is found for the stress in the middle string, 


S = P/(1 + 2 cos*) 
and then the stresses for the other strings are 
S,= S, =P cos*6/(1 + 2 cos’@) 


These formulas show that if 6 =0° the three stresses are each 
+ P; as @ increases, the middle string receives the greater stress, 
and when @= 90° it carries the total load P. 


The application of the principle of least work to redundant 
bridge trusses generally gives the stress in terms of the areas of 
the cross-sections of the members. As the cross-sections are 
not usually known in advance of the design the computations 
are rendered very complex, and hence it is desirable that such 
systems should be avoided. The principle is, however, a useful 
one for the discussion of certain cases arising in drawbridge 
trusses and in arches, as will be elucidated in Part IV. 


Prob. 93. A load P is supported by three strings of equal size, S 
being vertical, S, making with it an angle of 45 degrees on the left, and 
S, making with it an angle of 60 degrees on the right. Compute the 
stresses in the three strings. 


ArT. 94. STATICALLY INDETERMINATE TRUSSES. 


A system with redundant members is often called a statically 
indeterminate structure, because the stresses cannot be found by 
the principles of the statics of rigid bodies. The most common 
instance is that of a truss with a double system of webbing, and 
the simple case shown in Fig. 94a will now be discussed with 
the view of ascertaining how the load P is divided between the 
two systems. Figs. 94 4 and ¢ show the two systems, the first 
carrying the load mP and the second the load ~P, where m and 
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m are two numbers less than unity and m+x=1. Itis required 
to find the values of m and z. 


dae io Ae 7 é 
P mP ss 
Fig. 94 4, Fig. 94 4. Fig. 94.6. 


Let % be the depth of the truss and @ the angle that any 
diagonal makes with the vertical; then the length of each ver- 
tical is #, that of each chord member is z tan@ and that of each 
diagonal is Zsec@. The stresses in-each member of the first sys- 
tem being found in terms of #P, and those for the second system 
in terms of 7P, the theorem of least work (Art. 93) gives the 
following condition, in which A,, A,, etc., are the areas of the 
cross-sections of the members: 
pee ee Soe tan86 + (+=) sects | =a minimum 
Cet, As  *d,- A A, Ag 
Differentiating this expression, noting that dm-equals — dx, and 
; equating to zero, the value of the ratio m/z is found, 


m  2/A,+ tan?0/A, + sec?6/A, 


a 1/A, + tan90/A, + sec®6/A, 

and this depends upon the cross-sections of the members. If 

A, =2 A, 4,= A; and A,=4,, the value of m/v is unity, and 

hence mm =} and x =4, or the load P is equally divided between 
the two systems. For any other arrangement of sizes, however, 

m and 2 will be unequal; for instance, if all the members be of 

the same size and 6 be 45 degrees, then m=0.547 and 7=0.453. 


This illustration shows that the manner in which the applied 
load P is divided between the two systems depends both upon 
the areas of the cross-sections and upon the ratio of depth of 
truss to panel length. In general the less the depth of the 
truss the nearer is the approach of 7 and x to 3, if all members 
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be of the same size. For a very deep truss, having all members 
of the same size, 7 is about 2 and x about 2. 


When a truss is to be designed the cross-sections of its mem- 
bers are unknown until they are found from the computed 
stresses. But the stresses for a statically indeterminate truss 
cannot be computed until the cross-sections are known, and 
hence it appears that the problem of design is an indeterminate 
one. There is in fact no rational method of designing trusses 
with double or triple web systems, and this is the principal 
reason why they have so largely gone out of use. 


The next question to be considered is whether the double 
system truss of Fig.94a@ affords any advantage in economy of 
material over either of the single systems shown in Figs. 94 6 
andc¢. For this purpose an expression for the weight of the 
truss is to be derived in the same manner as in Art. 73. Ifs be 
the allowable unit-stress for tensile members, s/ that for compres- 
sion members, and v the weight of a cubic unit of the material, 


m+n tan?0 + wm sec20 - m +m tan?6@ +x sect 


W = 0Ph( 
Ss S} 


is the weight of the truss. This weight is the same for all 
values of m and x which render m+=1, for the expression 
reduces to W= vPh(s +s!) sec?@/ss', which is independent of 
m and. Hence the truss of Fig.94a contains exactly the 
same quantity of material, whatever be the values of m and », 
as does the truss of Fig. 94 6 for  =1, or the truss of Fig. 94 ¢ 
for z=1. Therefore the double system has no theoretic advan- 
tage over the single system in respect to economy of material, 
while practically the larger number of joints require more labor 
in design and manufacture. 


Another question to be discussed is whether the stiffness of 
the double system is greater than that of the single system. 
For this purpose let A be the deflection of the load P ; its 
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external work is 4 PA, and equating this to the internal work, 


Ped: 2 2 
als me +28 24 tan nO + me 4h +7) sect] 


Now, if this truss is soc designed, ae areas A,, A,, etc., 
should be found by dividing the stresses by the allowable unit- 
stresses s’ and s; or A, should be 4mP/s! and A, should be 
uP/s. Substituting these values of the areas, 


A= = [(2 + 2 tan*0 + m sec??)s + (m +m tan?6 + 2 sec?0)s"] 
and this is independent of # and x, since it readily reduces to 
A=2hsec6-(s+s’)/z. Accordingly, the deflection of the 
double system truss is the same for all values of m and a, and 
equal to that of each of the single systems. Therefore, the 
double system has no theoretic advantage over the single sys- 
tem in regard to stiffness. 

Resuming now the question of the method of designing a 
statically indeterminate truss, it might appear from the above 
discussion that it would be proper to assume m and wz in ad- 
vance, usually taking each as 4, and then to compute the 
stresses and proportion the members in the usual way. For 
the simple case of one load this might be done and all the com- 
putations would be valid, but for a truss of many panels having 
live loads covering only a part of the span, such an assumption 
could not be made which would hold true for both dead and 
live load. The statement that there is no rational method for 
designing trusses with double or multiple web systems is there- 
fore justified, and experience has proved that the greatest degree 
of security and economy in the construction of simple trusses is 
obtained by the use of systems in which all stresses are statically 


determinate. 
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CHAPTER VIIL 
MISCELLANEOUS STRUCTURES. 


ArT. 95. TRUSS OF A CANTILEVER CRANE. 


Fig. 95 a shows one of the trusses of one arm of a cantilever 
conveyor or crane which rests upon the supports £ and m. A 
track is laid above the lower chord, resting upon its panel points, 
so that a load P which is lifted at the end A may be brought 
nearer the tower. The cantilever arm may be revolved in a 


Fig. 95 2. 


horizontal plane about the center of the tower so that the load 
P can be deposited in any required place within the circle whose 
radius is AZ. Let the two panels over the tower be each 18.0 
feet long, the other panels 14.5 feet and the depth of the truss 
at the tower be 21.6 feet. Let the load to be lifted be 20000 
pounds, so that P for each truss is 10000 pounds. Let the 
dead panel loads per truss at A, 4, c, d, ¢, S, & 2, be 1600, 2900, 
2950, 3000, 3050, 3100, 3150, 3200 pounds respectively, all being 
taken on the lower chord. It is required to compute the maxi- | 
_ mum and minimum stresses for several of the members. 


The stresses due to both dead and live load are best found 
by moments, the centers for any chord member being at the 
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panel point opposite it on the other chord, and the center for all 
web members being at A. Thus, the lever arm for cd is 8.1 
feet, that for CD is 5.3 feet, that for Dd is 43.5 feet and that 
for De is 14.1 feet. The equations of moments for stresses in 
these members due to dead load then are, 


—cd X 8.1 — 1600 X 43.5 — 2900 X 29.0 — 2950 X 14.5 =O 
CD x 5.3 — 1600 x 29.0 — 2900 X 14.5 =O 
Dd X 43.5 +2900 X 14.5+ 2950 X 29.0=0 

— De X 14.1 + 2900 X 14.5 + 2950 X 29.0=0 


whence cd = — 24 400, CD=+ 16 700, Dd =— 2900 and De= 
+9000 pounds. 


Under the live load the maximum stress in any chord mem- 
ber will occur when / is at the end A, and this will be the same 
throughout each chord. For any vertical it will occur when P 
is at the preceding panel point. For any diagonal it will occur 
when F is at the foot of the diagonal. The equations for the 
four members then are, 


—cd X 8.1 — 10 000 X 43.5 =O cd = — 53 700 
CD x 5.3 — 10000 X 29.0=0 CD=-+ 54 700 
Dé X 43.5 + 10000 X 29.0=0 Dd=— 6700 
— De X 14.1 + 10000 X 29.0=0 De = + 20 600 


The minimum stresses for all of these members are those due 
to dead load, and the maximum stresses are the sum of those 
due to dead and live loads. The diagonals over the tower 
receive no stresses from dead load except that at 4 since the 
- two cantilever arms are of equal length and weight. Under live 
load the greatest stresses in these diagonals occur when FP is at 
the end A, since the vertical shear is then the greatest. Thus, 
for P at the end, the reaction at & is +452 P and hence the 
shear over the tower is 3.22 P or +32 200 pounds, which brings 
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a stress of + 41900 pounds on the diagonals K/ and Lm and 
— 32 200 pounds on the vertical L/. 


Prob. 95. Compute both dead and live load stresses for the members 
Ig, &G, Ff, Gf, Ki and Ké of the above truss. 


ART. 96. SwinG BRIDGE WITH SIMPLE TRUSSES. 


Fig. 96 shows one side of a swing drawbridge, which is 
formed of two simple spans, each having an inclined upper 
chord. At C is an engine resting upon a small tower by which 
tension can be brought upon the two members CU, so as to lift 


the ends from the abutments. When-thus lifted each span isa 
cantilever arm and the entire structure is revolved around the 
center pier so as to permit the passage of vessels. When 
revolved back into place, the tension in CU, is relaxed and each 
span is then a simple bridge. 


Let the truss be of the Pratt type, 75 feet in span and having 
five equal panels on the lower chord. Let the depth L,U, be 17 
and the depth Z,U, be 20 feet. Let the dead load per panel per 
truss be 6000 pounds, of which three-fourths is on the lower 
chord, and let the live panel load be 16000 pounds, all on the 
lower chord. The dead panel load for each upper chord apex is 
then 1500 pounds, and for each lower chord apex 4500 pounds. 
When the bridge is open, the panel load at Zy must be taken inte 
account; this panel load is 2250 pounds. 
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When the bridge is open, the broken diagonals do not act. 
The center of moments for the lower chord L,L, is at U, and 
its lever arm is 18 feet; then the equation of moments is 


—L,L, x 18 — 2250 X 30-6000 X 15=90 


whence Z,Z, = — $750, and in a similar manner Z,Z, is found 
to be —1990. For the upper chord U,U, the center of moments 
is at Z, and its lever arm is found to be 17.96 feet; then 


UU, X 17.96 — 2250 X 30— 6000 X 15 =O 


whence U,U;=+8770. To find the stress for the diagonal 
L,U, the principle may be used that the sum of the horizontal 
components of the forces at 2, must vanish; thus let @ be the 
angle U,L,U,, then sin@é = 0.64, and 


L,U, sind — 8750+ 1990=0 L,U,= + 10 560 


To find the stress in Z,U, the sum of the vertical components 
of all the forces at Z, must vanish, or 


LU, + 10 560 cos@ — 4500 =O L,U, = — 3640 


In this manner the stresses in all the members for the case of 
bridge open may be computed. 


When the bridge is closed, the stresses are computed by the 
methods of Chap. III, the load being placed in proper position 
to give the maximum stress in each member (Arts. 31 and 33). 
Then, remembering that the live load can act only when the 
bridge is shut and that the dead-load must act whether it be 
open or shut, the final maximum and minimum stresses are 
easily found as follows, and it is seen that the chords must 
be proportioned for both tension and compression. 


The usual type of swing drawbridge has the chords continu- 
ous over both supports; the discussion of these is reserved for 
Part IV. The Arthur Kill drawbridge on Staten Island, N.Y., 
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Dead load, open 
Dead load, shut + 10590 
Live load + 28 240 


Maximum — 39 O10 + 20500 | +29 420 
Minimum +- 2.000 — 3 640 ro) 


built in 1888, and 496 feet long, has each span a simple truss; 
see Railroad Gazette, June 22, 1888. 


Prob. 96. Compute the reaction at Z; and the stress in U,Z; when 
the bridge is open, taking the inclination of CU, as 30 degrees. 


ArT. 97. A TRUSS WITH THREE HINGES. 


Roof and bridge trusses are sometimes built with a hinge at 
the middle and hinges at the supports. These are properly 
arches and not simple trusses (Art. 1), but the discussion of the 
case of Fig. 97 under panel loads is not difficult and may prop- 
erly be presented here, although an extended treatment of these 


-russes is given in Part IV of this work. Let the span of the 
deck bridge be 120 feet, the depth 24 feet, the rise of the center 
hinge 20 feet and the other dimensions as shown. Let the dead 
load per panel be 10 kips and the live load 20 kips, both on the 
upper chord. It is required to compute the maximum and mini- 
mum stresses in several members. The rules of the preceding 
chapters regarding the positions of the live load to give greatest 
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stresses in web and chord members do not apply to this case, 
and hence should not be considered. The method of computa- 
tion followed below requires no knowledge concerning these 
positions, the stress in each member being found for each of the 
panel loads. 


The reaction of the left support being inclined, it will be con- 
venient to replace it by its vertical component V and its hori- 
zontal component 7. The vertical component is found by taking 
moments about a! and is hence the same as the reaction of a 
simple truss; thus for a load P at B the value of V is £P, and 
for P ai C’ it is $P. The horizontal component is found by 
taking moments about ¢, using the values of V already found; 
thus for a load at B the equation is V x 60—P- x 45—H x 20=0, 
whence /7=%/P; also for a load at C’ the equation is 7x 60 
— ffx 20=0, whence H=$P. Taking P as the live load of 
20 kips the reactions are hence as follows: 


Load at 2B é D E V9 ‘ee Be 


Vs175) 05.0. 12.5 2 JOO). 7.5 Lire Bande 
ALT= 7.5 15.0 = 2255° 30.0» 2258 1500 37.5 


The half panel loads at A and A! stress only the end verticals 


and hence they need not be considered for the other members 
of the truss. 


For the chord CD, the center of moments is at a, the lever 
arm of Vis 45 feet, that of H is 18 feet and that of the stress 
in CD is 6 feet. Accordingly, for a load of 20 kips at B’, 


2.5X45—-7.5xX18+Sx6=0 S=-+ 3.75 kips 
Similarly, for a load of 20 kips at ¢, 
15.0X45—15.0X18—20x18+S5x6=0 S=—17.50 kips 


In this manner the stress in CD due to each panel load is com- 
puted, and placed in the table below. For the lower chord ca 
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the center of moments is at C, the lever arm of Vis 30 feet, that 
of His 24 feet, that for cd is 8.82 feet; and a similar series of 
computations is made and tabulated. 


For the vertical Cc and the diagonal Ca the center of moments 
is on the upper chord at a distance of 15.0 feet to the right of Z, 
this being the intersection of CD and cd. The equation of mo- 
ments for Cc due to a load of 20 kips at B’ is 
2.5% 75—-7.5X24+SX45=0 S =— 0.167 kips 
and the equation due to a load of 20 kips at D is 
12.5X75—22.5xX24+Sx45=0 S = — 8.83 kips 


In this manner the stress in Cc due to each panel load is com- 
puted and tabulated. The same is done for Cd, whose lever arm 
is 16.71 feet, and for each of the other members. 


The signs of the stresses in*the table now show the distribu- 
tion of the live load which gives the greatest stress for each 
member. For the chord CJ it is seen that three loads B, C, D, 
give compression while the others give tension; the greatest ten- 


Patek. +3.75 | —11.90 | —o.17 | +0.45 
Parc +7.50 | —23.81 | —0.33 | -+0.90 
Pea g7 a +11.25 | —35.71 | —0.50 | +1.35 
Pats +15.00 | —47.62 | —0.67 | +1.80 
Fat D2 —26.25 | —18.71 | —8.83 | +23.78 
FEE NAO —17.50 | -+10.20 | —17.00 | —8.08 
Pat B — 8.75 +5.10 | +1.50 | —4.04 OME Ried 
Live + +37.5 +15.30 | +1.50 | +28.28 
Live — —52.5 —137-75 | —27.5° | —12.42 
| Dead —7.5 —61.22 | —13.0 +8.08 
Maximum —60.0 | —198.97 | —40.5 + 36.36 
| Minimum + 30.0 —45.92 | —11.5 #4047) | 
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sion due to live load hence occurs when the apexes B’, C’, D', E 
are loaded and the others unloaded, and its value is + 37.5 kips; 
the greatest compression occurs when B, C, D are loaded and 
the other apexes are unloaded, and its value is —52.5 kips. In 
this manner the live load stresses for each member are ascer- 
tained. The stress for CD due to live loads at all the panel 
points is +37.5 — 52.5 =— 15.0, and since the dead load is one- 
half the live load, the stress in CD due to dead load is —7.5 kips. 
The maximum and minimum stresses then result by combining 
the dead load stress with those due to live load. The last column 
is left blank so that it may be filled out by the student. 


It will be noticed that the stresses for all members have dif- 
ferent signs for panel loads at B and B’, and that those due to 
some of the other loads are multiples of these. The reason for 
this is explained in Chap. V of Part IV, where also it is shown 
how to find the position of the live load which gives greatest 
stress for each member. 

Prob. 97. Compute the maximum and minimum stresses for the above 


data, except that the lower chord apexes of the truss lie on straight lines 
drawn from @ to ¢ and from a’ to e. 


ART. 98. WHEELS wiTH TENSILE SPOKES. 


A Ferris wheel revolves in a vertical plane about its axis and 
carries equal loads at the chord apexes. 
The great wheel built at Chicago in 
1893 had a diameter of 250 feet and 36 
tensile spokes. Fig. 98 @ represents a 
small Ferris wheel with six tensile spokes. 
and carrying six equal loads. Let the 
spokes he so made that they can take 
tension but not compression. When the 
wheel is in the position shown in the 
Fig. 98 2. figure, the two sides are equally and sym- 
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metrically strained, and there are seven stresses to be deter- 
mined. But S,, the stress in the upper vertical spoke, must 
be zero, since it receives stress only from the load at a and the 
tendency of this is to produce compression. 

By resolving the forces at each apex into their horizontal and 
vertical components six conditions are found for the deter- 
mination of the six unknown stresses. Regarding each stress. 
as tensile, and thus acting away from the apex, these condi- 
tions are, 


at a, P+2S, cos 60°+ S,=0 


P — S,cos 60° + S3 cos 60° + S4y= 
at 0, : x F 
S, sin 60° + S, sin 60° =0 
i aoa eee vee Me = 
atc ’ ke : 
S; sin 60° + S, sin 60° =0 


at d, P—2S,cos 60° —S,=0 
Now since S,=0, the solution of these equations gives the 
following values for the stresses in the spokes: 


Soak, S,= +2FP, S;=+4P 
and the following for the stresses in the segments of the rim: 
S,=-—f, Sp ae, Sg=—3P 


The greatest stresses are thus in the lower part of the wheel, 
and all the segments of the rim are in compression. 


Carriage and bicycle wheels are fre- 
quently built with tensile spokes. Let 
Fig. 98 be such a wheel with eight 
spokes, having a load W at the hub and 
acted upon by the equal reaction W from 
the ground at ¢ Then the stress Sy 
is zero, and eight conditions are necessary 
to determine the stresses in the eight 
other members. Let @ represent one-half 


300 MISCELLANEOUS STRUCTURES. Cuap. VIII. 


the angle between two spokes, or in this case @=224°. Then 
the forces at each apex are to be resolved into components 
parallel and normal to the spoke; thus, 


at a, S, +2 S, sin? =o 
Aus fost, eee 
S, cosd — S, cos? =o 


and similarly for c,d and ¢. These eight equations contain nine 
stresses, but since S,;=0 the others can be deduced. The solu- 
tion shows that the stresses in the spokes are, 


S,;= S;=S;=S,=+ W 
and that those in the segments of the rim are, 
Sp = S,= S,= S,=—4 W/sind 


It is seen upon reflection that these formulas apply to any 
bicycle wheel, whatever be the number of spokes, the tensile 
‘stress in each spoke being W and the compressive stress in each 
segment of the ring being 4 Wsin@. The stress in the rim 
hence increases with the number of spokes, since 6 decreases. 
In all cases the stresses are independent of the radius of the 
wheel. 


Prob. 98. Derive the stresses for the Ferris wheel of F ig. 101 @ when 
it is turned so that the member aé is horizontal. 


ArT. 99. WHEELS witH STIFF SPoKEs. 


Let the small Ferris wheel in Fig. 98 @ have stiff spokes so 
that each one can take compression as well as tension, and let the 
same be the case for each segment of the rim. This is a case 
of redundancy, for it will be found impossible to state more than 
six static conditions between the seven unknown stresses. The 
seventh condition is hence to be furnished by the principle of 
least work (Art.93). From the six equations given in Art. 98 
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the values of six unknown quantities may be found in terms of 
the other unknown one; thus, 


and the condition of least work will determine the value of Sy. 


Let A, be the area of the cross-section of each spoke and A, 
that of each segment of the rim, let /, be the length of a spoke 
and /, that of a segment of the rim; also let E be the modulus 
of elasticity of the material, this being taken the same for all 
members. Then, by Art. 85, the internal work of all the 
stresses is 


K=(SP+2 S2+2 52+ ee + 2(S2 + S.2+ s2)-4- 
AE A,E 


Substituting in this the above values of Sz, S;, S;, Sz, S, and Sg, 
it reduces to the expression, 


K=(36 P24 24PS, +6 SAL + (28 P+ 24PS, +6 Sy 
1 2 


Differentiating this, and equating the derivative to zero, accord- 
ing to the principle of least work in Art. 93, gives 

ee (24 P+ 12 S)-h+ (24 P +12 Sia fe) 

from which is found the value of S,, namely, S; =—2P. 
Hence the stress in the top spoke is compression and equal to 
double one of the loads. The other stresses are now found from 
the static equations. For the spokes, S;=—2P, S,=—P, 
S;=+P, S;=+2/, which show that the lower ones are in 
tension and the upper ones in compression. For the segments 
of the rim, S,=+/, S,=0, S;=-—, which show that the 
upper ones are in tension and the lower ones in compression. 
These stresses, with the exception of S,, are smaller than for 
the Ferris wheel with tensile spokes. 
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Let the bicycle wheel in Fig. 98 4 have eight spokes which 
can take either tension or compression. The weight W is ap- 
plied at the hub and the equal reaction W acts upward at the 
point of contact of wheel and earth. Here also it will be found 
impossible to derive more than eight conditions between the 
nine unknown stresses, and hence the ninth condition is to be 
furnished by the principle of least work. From the eight equa- 
tions in Art. 98 the values of eight unknown stresses are easily 
deduced in terms of the other unknown; thus, 


Se Sy = Og = Sg 2 ine 
and the condition of least work will now determine the value of 
S;. Let 4, be the length of a spoke and /, that of a segment of 


the rim, A, and A, being the areas of their cross-sections. Then 
the work of all the internal stresses is 


us Sra eee! 
K =(7 SP +(S,-W)) A + (1) 
CF 35n Diese 2 sin@/ A,E 
By differentiating this with respect to S,, equating the deriva- 
tive to zero, placing 4,= 2/,sin9, and sin® = sin 223° = 0.383, 
there is found, W 


BS ee ee 
1 8+ 10.44(A,/A,)- 


which shows that all the stresses depend upon the ratio of the 
areas of the cross-sections of the spokes and rim. 


As a particular instance let W= 1000 pounds, and let A, be 
double 4; Then the stress for all the spokes except Sy is 76 
pounds tension, and that in S, is 924 pounds compression; also 
the stress in each segment of the rim is about 98 pounds com- 
pression. It thus appears that the vertical spoke under the hub 
carries nearly all the load as a compressive stress, and that as 


the wheel slightly turns this is changed into a small tensile 
stress. 
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Prob. 99. Discuss a carriage wheel with sixteen stiff spokes, taking 
the section of the rim as double that of a spoke, and find the greatest 
stress for each member. 


ART. 100. A TrussEeD BENT. 


The simplest case of a tower truss is that of a simple bent 
placed in a vertical plane at right angles to the line of the bridge 
and braced as shown in Fig. 100. The 
load brought upon the two columns of the 
bent by the bridge is represented by P and 
P at the points A and A’. The resultant 
wind force brought upon the bent from the 
train and bridge trusses is 7, which acts at 
a distance % above the top of the tower. 
The angle of inclination of each of the 
columns to the vertical will be called @. 
The horizontal members AA’, BS", etc., are 
arranged to take either tension or compres- 
- sion, while the diagonals can take tension 
only. Let the heights of the stages or 
panels be /,, 4, etc., the widths of the 
bases of these panels be 4, 4, etc., and let 
the dead load at the apexes B, C, D, etc., be W,, W,, etc. It is 
required to determine the stresses. 


Fig. 100, 


It will be convenient to deduce first the stresses due to the 
vertical loads. Since the diagonals cannot act under a sym- 
metrical vertical load, the weight at any apex is decomposed 
directly into the direction of the column and the horizontal 
brace; thus, 

AB=A'S'=— FP seco AA'=-— P tané 

BC=B'C =—(P + W,) sec BB' = — W, tané 

CD=CD'=—-(P + W, + W,) secd CC'= — W, tané 


304 MISCELLANEOUS STRUCTURES. Cuap. VIII. 


which are the stresses from the vertical loads, all being com- 
pression. 

To find the wind stress in any column let it be cut by a hori- 
zontal plane and let the center of moments be taken at the oppo. 
site vertex; thus for BC the center is at 4’, while for B’C’ it is 
C. Then the equations of moments give the following values 
of the stresses due to wind: 


AB= + © sec8 A'P' = ie secO 
1 
BC=+ HT cog BC a — HPT a s0c9 


1 3 2 
and similarly for CD and C’D'. It is seen that the effect ot 
wind is to increase the compression in the column on the lee- 
ward side and to diminish it on the windward side. 


For the horizontal struts it is best to use the principle that 
the sum of the horizontal components of the stresses in a section 
and of the forces above it must vanish; thus for the strut BB! 
a plane is passed cutting it and the members BC and A'BP’, then 
H— BC sind + A'B' sind + BB' =o, or 


BB'=—H+2H "tM tang 
1 


CC=—-H+2H ett Ta tang 
2 
These may be checked by moments, taking the center of mo 


ments at the point where the columns meet when produced. 

For the diagonals the method of resolution of forces is also 
the best. Let 0, and @, be the angles of inclination of BA! and 
CB' to the vertical. Then for BA’ the sum of the vertical com. 
ponents of the stresses AB, BA', A'B' must vanish, or 


BA' cos6, + AB cosé + A'B'cos8 =0 
BAla+ a(S 2) coc8, 
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and similarly all the diagonal stresses due to wind are found. 
It will usually be best to compute these direct from the given. 
data rather than to use the formulas here deduced. 


As a numerical example suppose that the bent in Fig. 100 
supports one-half a bridge span 60 feet long which weighs 600 
pounds per linear foot and carries a live load of 3000 pounds. 
per linear foot. Here P = 9000 pounds for the unloaded bridge,, 
and P = 45 000 pounds due to live load. Let W,, W,, W, be 500,. 
1000 and 1500 pounds. Let the width of the bent at top ber 
feet and at the base 15 feet, the four panels being each 15 feet 
in height. Here 6=13, 6,= 134, 6,=14, 6,= 144 and ,=15 
feet; also 4; =/,=/,=h,=15 feet. Then tané =, and sec 
= 1.00014 which may be called unity; also for the diagonals, 
secO, = 1.334, secO,= 1.357, secO,= 1.384 and secO, = 1.402. 
Let the resultant wind force be 12000 pounds acting at a height 
of 6 feet above 4A’; thus H= 12000 pounds and 4=6 feet. 
Then the stresses due to both vertical loads and wind for a few 
of the members are as follows in kips, one kip being 1000 
pounds: 


Dead load 
Live load 
Wind on left 
Wind on right 


Maximum 
Minimum 


It is seen that the stresses in the columns increase downwards. 
while those in the webbing slightly decrease. The stresses for 
A'E' are the same as for AZ, and the stresses in the broken 
diagonals are the same as the full ones when the wind blows. 


from the opposite direction. Under vertical loads the diagonals 
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have no stress, unless it be that due to initial tension and this 
will somewhat increase the compression in the columns and 


braces. 


The picture of a bent in which the intermediate horizontal 
struts are omitted, and the diagonals are designed as stiff mem- 


bers is shown in Fig. 19 7. 


Prob. 100. Given a trussed bent like Fig. 100 having three panels or 


‘stages, each 18 feet in height. 
top 16 feet. Let P be 20000 


Let the base be 18 feet in width and the 
pounds for dead load and 80 000 pounds 


for live load. Let H be 15 000 pounds acting at 6 feet above the top. 
Compute the maximum and minimum stresses. 


ART. IOI. 


The stresses in a braced 


A TRUSSED TOWER. 


tower having four inclined columns 


are found by an extension of the preceding principles, the 


resolution of forces being made in space instead of in a plane. 
Let Fig. 101 represent such a tower with two stages, the top 
having the width @ and the length 4, while the base has the 


width a, and the length 4,. 


Let the heights of the stages be 2, 
and 4,, and let P be the vertical load 
at the top of each column, and W 
that: at: Bh) Band Bb") sietery 
be the resultant horizontal wind load 
parallel to A'A, and let % be its 
height above the top of the tower. 


The vertical load P at’ A is re- 
solved into the three directions 4B, 
AA!', AA" by the parallelopipedon 
of forces. Let @ be the angle which 
AB makes with the vertical and @ 
the angle which the horizontal pro- 


jection of AC makes with CC’; then the three stresses are, 
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AB =-—P sec, AA' =— Ptané cos8 
AA" =— Ptand sin8 
Also at B a similar resolution gives, 
BC=—(P + W)sec®, BB' =— Wtané@ cosB 
BB" =— W tané sinB 


Here the value of 8 is found from tan8 =(a, — a)/(6,—2), and 
the value of tan@ is found by dividing the square root of 
4(% — ap + 4(d, — bf by yy 

When the wind blows parallel to A'A the force H acts upon 
the truss ACC'A’, bringing the diagonals AB’ and BC’ into 
action. The stresses due to H can be closely found by the 
methods of the last article, the actual distances in the plane of 
the truss between 4 and 4, and between 4, and 4, being taken 
instead of the vertical heights 2, and Ag. 


Let it be required to find the stresses for a tower, where 
a= 6 feet, a,=7 fect, 6= 12 feet, 0, = 14 feet, 2, = hg = 15 feet, 
Let P be 20000 for dead load and 80 000 pounds for live load, 
let W = 1000 pounds, and /7 be 15 000 pounds acting at 5 feet 
above the top. Here 8 = 26° 34! and @ = 2°08’. The stresses 
for several members are as follows, all being given in thousands 
of pounds: 


| 


Dead load 
Live load 


Wind on right 
Wind on left 
Maximum 

| Minimum 


The wind stress for AA! is taken as 3 H, this being regarded 
as transferred to A! by a floor beam which is supported at A and 
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A'. The wind forces shown do not stress the web members in 
the truss ACC"A", but the sections of these should be about the 
same as those of the corresponding members in the truss ACC'A’, 
These members in a tower for a railroad bridge are sometimes 
computed for the brake action of a train; see Art. 56. For 
illustrations of towers see Figs. 197, 102@ and 1026 


Prob. ror. Compute the stresses in the members BS', BB" and CB’ 
of Fig. 101 for the above data. 


ART. 102. RAILROAD VIADUCTS. 


A viaduct consists of a number of short-span bridges supported 
by trussed towers. Viaducts are used either to carry a railroad 
or a highway across a valley, or to form an approach to a 
bridge consisting of one or more longer spans crossing a stream 
at a high level. 


Fig. 102 @ shows a single-track viaduct on the New York, 
Chicago and St. Louis Railroad at Girard, Pa. The total length 
of the viaduct is 1470 feet and its greatest height from base of 
rail to top of masonry is 85} feet. The spans of the deck plate 
girders are alternately 30 and 60 feet. All the bracing of the 
towers consists of stiff members capable of resisting either ten- 
sion or compression. The old viaduct that was replaced by the 
one shown was built in 1882, inverted king-post trusses being 
used in the tower spans, and: Fink trusses of 4 panels in the 
intermediate spans, all of them pin-connected. 


When iron viaducts were first built in this country, the spans 
were all made of the same length, a span of 30 feet being 
adopted because it made the panel length of the king-post 
trusses then used the same as that of the stringers in wooden 
trestles. Alternate spans of 30 and 60 feet were introduced. in 
1878 by C. L. Strose in the design of the Sloan’s Valley viaduct 
on the Cincinnati Southern Railway. Fink trusses were exten: 


“IG6I UL {ING = “eg *pavily) ye yonpetp Pvoriey sino’y 4S pur osvolyD ‘10K MON ‘OZOI “Buy 


RAILROAD VIADUCTS 


ART, 102. 
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sively employed for the 60-foot spans for a number of years. 
Pratt trusses, riveted Warren trusses with sub-verticals (see Fig. 
19 f) and double-intersection Warren trusses have also been 
used to some extent, but at present plate girders are employed 
almost exclusively in viaduct construction. The heavy viaducts 
on the Pittsburgh, Bessemer and Lake Erie Railroad have plate 
girder spans of 40 and 8o feet alternately. See Engineering 
Record, Vol. 42, page 395, April 28, 1900. Ina few cases longer 
truss spans have been employed in high viaducts, one of the 
best representatives of this type being the South Rocky River 
viaduct near Cleveland, O., described and illustrated in Engineer- 
ing Record, Vol. 34, page 22, June 13, 1896. 


The longest and heaviest viaduct is located on the Chicago 
and Northwestern Railway, at Boone, Iowa. It is a double- 
track structure 2685 feet long, 185 feet high and contains one 
channel span 300 feet long over the Des Moines River. A 
description of the viaduct may be found in Engineering News, 
Vol. 45, page 415, June 6, 1901, and in Vol. 46, page 117, Aug. 
22, 1901; the former article giving also the principal dimensions, 
etc., of the most notable high railroad viaducts in the world. 
The highest one is the Gokteik viaduct in Burmah, built by the 
Pennsylvania Steel Company, of which an illustrated description 
is given in Engineering News, Vol. 45, page 147, Feb. 28, 1901; 
its height is 320 feet. For a description of the single-track 
Kinzua viaduct, situated on a branch of the Erie Railroad, and 
which is 2053 feet long and 301 feet high, see Engineering 
Record, Vol. 42, page 508, Dec. 1, 1900. An important article 
* wn the Origin and Evolution of the American Railroad Viaduct, 
by J. E. Grenier, may be found in the Transactions of the 
American Society of Civil Engineers, Vol. 25, page 349, Octo- 
ber, 1891. 

Viaducts in which the elevation of the track above the surface 
of the ground is fairly uniform are cften used in cities to avoid 
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grade crossings and are then called elevated railroads. Fig. 
102 6 gives a partial view of the elevated structure of the Chesa- 
peake and Ohio Railway in its terminal at Richmond, Va. In 
the background may be seen a portion of the structure located 
on a tangent in which the towers have vertical posts, while in 
the foreground the track is on a curve and the tower posts are 
given a batter transversely. See Engineering News, Vol. 44, - 


page 379, Nov. 29, 1900. 


On the elevated structures of electric railways used for rapid 
transit in cities, the plate girder spans are frequently supported 
on columns without longitudinal or transverse bracing, the 
columns being thus required to resist the flexure caused by the 
longitudinal force due to traction, and by the lateral vibration 
or the wind load. In other cases trussed towers are located at 
intervals of several spans with trussed bents placed between 
them. 


The shears and bending moments in the plate girders of 
viaducts or of elevated railroads are found by the methods of 
Arts. 82 and 84, and the stresses in the trusses by the methods 
of Chaps. II to IV inclusive, while those in the bents and towers 
are obtained by the methods of Arts. 100 and ror. After 
these stresses have been obtained the design of the structure 
is made by the methods set forth in Part III. 
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Portal bracing, 40, 242, 245, 250 
Post, S. S., 207 
Post truss, 207 
Posts, 2, 40, 255 
PRATT, T. and C., 192 
Pratt truss, 45, 47, 48, 49, 55, 77) 232 , 238, 
277, 293 
with counters, 107 
without counters, 64 
PRICHARD, H.S., 175 
Purlins, 4, 16, 31, 32 


Quadruple web system, 198 
Queen-post truss, 2, 52, 190 


Rafters, I, 4, 32 
Railroad bridges, 40-238 
viaducts, 308 
Ranges of stress, 181, 183 
Reactions for bridges, 57, 90, 219 
portals, 257 
roofs, 6, 21 
Redundant systems, 286 
Resolution of forces, 13 
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Rigidity, 2, 163 
Riveted joints, 257 
trusses, 65, 76, 228 

Road rollers, 117 
Roadway, 42 
Rockers and rollers, 2 
Roof covering, 4 

trusses, I-39 


SCHNEIDER, C, C., 174 
SELBY, O. E., 149 
SHAW, E.S., 53 
Shears, 57, 90, 108, III, 11g 
for axle loads, 128 
for pins, 257 
for plate girders, 266 
true, 93 
Sheathing and shingling, 4 
Shocks, 87 
Sidewalks, 42 
Simple truss, 2, 40 
Single-track bridges, 251, 264 
Skew bridges, 150, 251 
SMOLEY, E. S., 66 
Snow, 4, 6, 18, 157 
Solid beams, 32, 278-283 
floors, 43, 55 
Specifications, 35, 117, 118 
Static wind load, 161 
Statically indeterminate trusses, 286 
Stiffeners, 163, 276, 288 
Stress computations, 15, 184 
sheets, 35, 188 
Stringers, 42, 126, 153, 234, 260 
STROBEL, C. L., 308 
Struts, 2, 40 
Subdivided panels, 99, 101, 199, 239 
Sub-verticals, 49, 50, 76, 79, 159 
SWAIN, G. F., 273 
Sway bracing, 40, 239, 248 
Swing bridge, 293 


Temperature stresses, 20 
Tensile spokes, 298 
Three-hinged arches, 38, 295 
Through bridges, 42, 242, 248 
Towers, 306, 309 
Town, L., 203 
Traction, stresses due to, 168 
Train loads, 89, 118, 120, 153 
Trolley bridges, 87 
Truss, defined, 1, 40. 
Trussed bent, 303 

crane, 290 

purlin, 33 
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Trussed towers, 306 

Trusses, bridge, 40-238 
deflection of, 268-289 
members, 239-267 
miscellaneous, 290-312 
roof, I-39 


Uniform loads, 53, 145, 158 

Unsymmetric roof trusses, 29 
bridge trusses, I50 

Upper chord, 2, 40, 209, 229, 238 


Vertical shear, 57 
Verticals, 5, 59 
Viaducts, 57, 100, 308 


WADDELL, J. A. L., 54, 117, 119, 175 


Warren truss, 52, 98, 233, 272, 278 
double system, 197 


divided panels, 99, Io, 199, 
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sub-verticals, 49, 50, 76, 79, 


133, 159, 237 


INDEX. 


“Web members, 2, 40, 56 


stresses, 56, 90, 197, 218 
Weight of bridges, 53, 265 
crowds, 89 
electric cars, 116 
roof trusses, 3, 4, 35 
trains, 89 
trusses, 236 
Wheels, stiff spokes, 300 
tensile spokes, 298 
WHIPPLE, S., 192, 203, 207, 209 
Whipple truss, 203, 206, 238, 284 
Width between trusses, 54, 249 
Wind on bents, 304 
bridges, 158, 160, 163 
roofs, 5, 19, 21 
towers, 307 
trains, 160, 164, 179 
WINKLER, E., 273 
Wooden bridges, 81, 200, 202 
roofs, 34, 36, 39 
Work, external, 268 


least, 284, 308 
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